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Identification of the resources an animal is selecting allows us to understand how animals use 
what is available to meet their requirements for survival, growth, and reproduction. 
Understanding the process by which selections are made is essential for successful 
conservation management as it allows us to investigate the impacts of modified landscapes 
and to develop informed policies and remedial measures to mitigate current and future 
negative impacts. However, despite the important role for conservation management, the 
quantification of resource selection is not always straight forward. Obtaining and interpreting 
resource selection information can be problematic for many species (Hebblewhite and 
Haydon, 2010, Aarts et al., 2008), potentially leaving important management questions 
unanswered.  
 
The New Zealand pāteke/ brown teal (Anas chlorotis) are a cryptic, predominantly nocturnal 
dabbling duck, that inhabits wetland areas. Formerly widespread and numerous throughout 
New Zealand, pāteke have undergone a decline described as ‘arguably the most dramatic of 
any New Zealand species’ (Williams, 2001).  Pāteke are ranked as ‘nationally endangered’ by 
the Department of Conservation (O'Connor et al., 2007) and have been listed as ‘endangered’ 
on the International Union for the Conservation of Nature (IUCN) Red List since 2000 (IUCN 
website http://www.iucnredlist.org). Of particular concern, is the alarming juvenile starvation 
rate within the pāteke population at Great Barrier Island (Watts et al., 2016). This starvation 
has not been recorded in any other pāteke population. These recent declines in both range 
and number of pāteke, as well as the unprecedented juvenile starvation rates for Great Barrier 
pāteke, mean that identification of the resources used by pāteke is of particular importance.  
 
Traditional methods of studying habitat and diet selection can be limited when the study 
species is widely dispersed, nocturnal, or utilises habitats such as wetlands and ponds with 
restricted safe access for researchers (Beyer and Haufler, 2008). To date, the most widely used 
tool for habitat selection studies is Very High Frequency (VHF) radio-telemetry (Aebischer et 
al., 1993).  However, despite its significant application in habitat studies, radio telemetry can 
be intrusive, requires a high number of field-work hours, and often has a high sampling bias 
(Aarts et al., 2008). These limitations can result in incomplete or inaccurate estimates of 
habitat use (Beyer and Haufler, 2008). Traditional methods of dietary study (i.e. faecal 
samples or foraging observations) can often also be limited for the same types of species. For 
example, faecal samples can be difficult to obtain from some habitat types, and can be 
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incomplete with only parts of some prey being recoverable (Barrett et al., 2007). Additionally, 
traditional methods tend to reflect ingested rather than assimilated items, resulting in biased 
dietary estimates due to differential digestion.  
 
Pāteke are an example of a species for which VHF monitoring is of limited efficacy. Radio-
telemetry is the main monitoring tool currently being used in pāteke management areas, 
however, as well as being invasive and expensive in terms of staff hours, (O’Connor et al 
2007), their predominantly nocturnal behaviour (Williams 2001) and use of habitats which are 
dangerous and difficult to access at night-time, are additional barriers to gaining a 
comprehensive understanding of habitat selection.  Despite extensive and long-term VHF 
monitoring of pāteke, and several pāteke habitat use studies (Parrish and Williams 2001, 
Barker and Williams 2002, Worthy 2002, Fraser 2005, Dumbell 1987, MacKenzie and Fletcher 
unpublished, Fraser and Beauchamp in preparation), as well as a thorough diet study using 
conventional techniques (Moore et al., 2006), there remain significant gaps in our knowledge, 
leaving major management questions unanswered (Moore et al., 2006, B.T.C.T., 2009, Fraser 
and Beauchamp, 2009, Willoughby, 2004, Weller, 1974).  
 
In this study, I use techniques not previously applied to study pāteke resource selection. I used 
new generation GPS/GSM units to collect location data from two Pāteke populations, Okiwi 
Basin on Great Barrier Island and Mimiwhangata Coastal Reserve in Northland. I applied 
Maxent models to the GPS data to identify and compare the use of habitats between the two 
study populations (Phillips et al., 2004, Ghisla et al., 2012). I then identified correlations 
between temporal (e.g. cattle presence, rainfall) and spatial variables (e.g. distance to other 
features, size of feature) in relation to the key habitat features. To identify and compare the 
diet selection of the two populations, I used stable isotopes from pāteke blood and feather 
tissue and applied MixSIR mixing models to the collected data.  
 
A total of 109 individual pāteke were captured for this study, 51 at Mimiwhangata, and 58 at 
Okiwi. There were 36 GPS tags deployed on pāteke at Mimiwhangata, of which 12 were 
successful, collecting a total of 430 GPS data points. There were 28 GPS tags attached at 
Okiwi, 14 of which were successful and collected a total of 750 GPS location points. Habitat 
selection was found to be the same between the two populations. However, the relative 
availability of preferred habitats between locations was different, with less of the preferred 
habitats being available at Okiwi. Ponds were found to be the most strongly selected habitat 
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type, with paddocks being the most commonly used. There was a strong preference for ponds 
with at least 50% of the bank area vegetated, over ponds with less vegetation cover. Pāteke at 
both locations showed a preference for paddocks that had either currently or recently had 
cattle present. Forest interior was the least likely habitat type to contain pāteke for either 
population, with forest edges having a slightly higher probability than interior forest for the 
Okiwi population. 
 
There was a significant difference in body mass between the two pāteke populations, with 
Mimiwhangata birds being 19% heavier than their Okiwi conspecifics. The δ15N ratios were 
significantly higher for the Mimiwhangata birds, suggesting more animal sources, possibly 
invertebrates, in the diet of these pāteke. The Mimiwhangata females had a different diet to 
the males, with higher δ15N ratios, suggesting more invertebrates in the female diet. The diet 
of Mimiwhangata pāteke was more varied between individuals than the diet of the Okiwi 
population. 
 
Okiwi juvenile pāteke had lower δ15N levels than those of the adults, and their dietary range 
was more restricted than that of the adults. Of all variables tested, age of pāteke had the most 
significant correlation with probability of survival for Okiwi pāteke, with adults pāteke at Okiwi 
being significantly more likely to survive than juveniles. Use of ponds within the home range 
of an individual was correlated with an increased probability of survival; so too was use of 
wetlands, but to a lesser extent. 
 
The findings of this study can be applied to help direct the management of pāteke habitats, 
and aid in enabling conservation managers to make decisions for effective, positive habitat 
modifications in areas of use for pāteke. Specifically, in regard to establishing ponds, and 
managing cattle access and vegetation around pond areas within pāteke occupied areas. This 
study also provides at least a preliminary indicator of the cause of the Okiwi juvenile 
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Chapter One: General Introduction 
Resource Selection of a Threatened Species: The pāteke 
A resource is any biotic or abiotic element that is used by an organism (Morrison, 2001), and 
it’s use is considered selective if it is disproportionate to availability (Johnson, 1980). The 
study of resource selection essentially asks where animals are, why they are there, and where 
else they could be (Aarts et al., 2008). Resource selection studies show us how animals utilise 
the available resources to meet their requirements for survival, growth, and reproduction 
(Wakamiya and Roy, 2009). Understanding the resource selection processes of animal species 
is an essential component in successful conservation management (Martin et al., 2007) (Otis, 
1998). It allows us to evaluate the impacts of landscape modification and how species 
respond, and to develop informed policies and remedial measures to mitigate current and 
future negative impacts.  
 
With increasing human populations placing pressure on ecosystems through landscape 
modification and climate change, improved understanding wildlife resource requirements is 
increasingly important (Awange, 2012). Yet obtaining and interpreting this information is still 
often problematic. Studies can be hindered when working with species that have populations 
with few individuals or at low densities, or where individual animals are widely dispersed, live 
in difficult-to-access areas, or which have nocturnal or cryptic behaviours.  
 
Pāteke (Anas chlorotis) are a predominantly nocturnal dabbling duck endemic to New Zealand. 
In 1888 Buller described the pāteke range as “…distributed all over the country, being met 
with in every inland lake and often the deep fresh-water streams which run into them…”. 
Since then, pāteke have undergone drastic reductions in range. Formerly widespread 
throughout New Zealand from Stewart Island to Northland and on the Chatham Islands 
(Buller, 1873, Parrish and Williams, 2001, Worthy, 2002), where they were recorded in 
habitats ranging from lowland wetlands, to small alpine valleys (Williams, 2001), they are now 
restricted to Great Barrier Island (GBI) and parts of eastern Northland, with smaller 
populations occurring on Coromandel Peninsula, several islands and a few managed mainland 
sites (O'Connor et al., 2007). Their former forest and wetland habitat predominantly occurs as 
remnants in these areas (Worthy, 2002). Therefore, pāteke now occupy lowland valleys and 
coastal area habitat mosaics of short grass, pasture, streams, wetland, estuaries and 
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associated riparian vegetation, of which much is modified by introduced flora and mammalian 
grazers (Williams, 2001, Barker and Williams, 2002).  
 
Along with their reduction in range, pāteke have drastically declined in numbers. With the 
exception of Finches duck (Chenonetta finschi), pāteke were once the most abundant anatid in 
all regions of New Zealand (Worthy, 2002).  As recently as 1987 the pāteke were described as 
stable and it was deemed probable that they would persist indefinitely (Dumbell, 1987). 
However, in more recent times, pāteke have undergone a population decline described as 
‘arguably, more dramatic than any other of New Zealand’s endemic birds’ (Williams, 2001). 
Pāteke are now ranked as ‘nationally endangered’ by the Department of Conservation 
(O'Connor et al., 2007) and have been listed as ‘endangered’ on the International Union for 
the Conservation of Nature (IUCN) Red List since 2000 (IUCN website 
http://www.iucnredlist.org). The total population was estimated at no more than 2500 wild 
birds in 1996 (Ferrier and Taylor, 2003). In 2011 there were an estimated 400-500 pāteke at 
Mimiwhangata, and 1500 at GBI (Pers. com. T. Brown. 2011). The reasons for the historic 
decline of the pāteke are unclear, but most probably involved a combination of factors 
including a shift in predator type from avian to mammalian (Williams, 2001, O'Connor et al., 
2007), and drastic change to their habitat. The change in predators from avian to 
predominantly mammal changed the predation from aerial to ground, diurnally active to 
nocturnally active and from sight-dependent to hearing and scent-reliant predators (Williams, 
2001).  
 
Low adult recruitment and survival have been identified as the main proximate causes of 
recent declines (O'Connor et al., 2007), and can be caused by several different agents, 
including mammalian predators (O'Connor et al., 2007) and changes in the habitat. Habitat 
change can be a result of modification by humans, or natural factors such as drought (Parrish 
and Williams, 2001). Human-induced habitat change can have additional indirect impacts on 
the pāteke, for example, increased residential development can increase the risk of predation 
from domestic animals and increase incidents of pāteke becoming road-kill (O'Connor et al., 
2007), and modification in land use may reduce or alter available food options. As of 2003, 
~70% of the entire pāteke population was on GBI (Ferrier and Taylor, 2003). However, Ferrier 
and Taylor (2003) identified this population as declining, predicting that it would halve every 
4.1 years. Despite pāteke numbers declining on GBI (Willoughby, 2004), the population 
appears stable in Mimiwhangata. The GBI population is suffering from low juvenile survival 
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due to starvation, with most deaths occurring within three months of independence (Williams, 
2001). This starvation is specific to GBI pāteke and has not yet been recorded in other pāteke 
populations as a main cause of death. Great Barrier pāteke are also lighter than pāteke from 
other areas, despite being genetically similar to the Northland birds, and captive reared GBI 
pāteke have been found to reach the same weight as conspecifics from other areas (Watts et 
al., 2016), thus indicating the reduced body mass is a result of environmental conditions or 
foraging choices. Moore et al. (2006) suggest that pāteke are suffering from year- round 
reductions in food availability due to land use changes despite their generalist feeding 
capability because of restrictions to pastoral habitats making them vulnerable to nutritional 
stress during dry periods. Williams (2001) described the changes in predators combined with 
widespread landscape change, especially since European settlement, as having been 
‘catastrophic’ for pāteke. 
 
There has been extensive monitoring of pāteke in recent years including a thorough diet study 
using conventional techniques (see Appendix 1), and extensive Very High Frequency radio-
tracking (VHF) (see Appendix 2). Despite these efforts, the challenges pāteke provide to 
wildlife managers by being nocturnal and by inhabiting wetland areas that are difficult to 
safely access at night, leave major management questions unanswered (Moore et al., 2006, 
B.T.C.T., 2009, Fraser and Beauchamp, 2009, Willoughby, 2004, Weller, 1974). Of particular 
interest is the cause of the decline in the pāteke population on Great Barrier Island. Formally a 
‘stronghold’ for the species, this population is now suffering juvenile starvation rates that are 
unrecorded in any other pāteke population (Watts et al., 2016). The cause of starvation is 
unclear, but possibilities include poor resource selection by individuals, or limited suitable 
resource availability. Starvation is of particular concern as pāteke are generalist feeders, (78 
prey taxa identified), thus any food limitation may be widespread (Moore et al., 2006). 
 
The aim of this thesis is to gain a comprehensive understanding of resource selection by 
pāteke at Okiwi and Mimiwhangata to identify the potential cause of the Okiwi juvenile 
starvation, and further direct conservation management for the species. Despite extensive 
VHF monitoring of pāteke, large gaps exist in our understanding of the nocturnal habitat use 
of the birds, and the fine-scale selection of habitats. This is because the location data was 
predominantly collected during the day, and the collected locations are not accurate enough 
to allow for triangulation or to identify fine-scale habitat features (see Appendix 2). I use new 
generation GPS units to collect accurate, 24-hour data on pāteke locations. To determine if 
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the cause of the juvenile starvation at Okiwi is due to poor foraging choices or a lack of 
suitable resources the diet of pāteke at each location will be compared, as well as the diet of 
juveniles and adults from Okiwi. Although there has been a comprehensive diet study on the 
pāteke, the information was collected for the purpose of species and regional level diet 
identification, and is not able to be used for identification of diet between these populations. I 
use stable isotopes from pāteke tissue collected at each of the two study sites to identify any 
difference in diet between the populations and age groups within the populations. 
 
One of the most significant and widely used tools for animal monitoring is Very High 
Frequency (VHF) radio-telemetry. VHF has become a fundamental tool for wildlife biologists, 
and has been used on a range of species across many habitat types (Bernardo et al., 2011, 
Gordon et al., 1998, Boyce et al., 2003, Aebischer et al., 1993). However, the technique is 
limited; it is intrusive to the study animal, requires a high number of staff hours (Beyer and 
Haufler, 2008), has a large potential sampling error (Aarts et al., 2008), and is of reduced 
efficacy in habitats with restrictive access for researchers (e.g. pāteke, (O'Connor et al., 2007). 
These limitations can result in incomplete or inaccurate estimates of habitat use (Beyer and 
Haufler, 2008). Global Positioning Systems (GPS) and Argos based systems have largely 
eliminated such obstacles to wildlife monitoring, allowing remote tracking (Cagnacci et al., 
2010, Hebblewhite and Haydon, 2010). However, even once samples are collected, analysis of 
habitat data for threatened species can be challenging due to limited sample size (Kumar and 
Stohlgren, 2009). Many analysis techniques and published sample size recommendations 
require sample sizes exceeding those possible for studies with limited budgets or small study 
population sizes (Lindberg and Walker, 2007, Allderidge and Griswold, 2006, Seaman and 
Powell, 1996, Aebischer et al., 1993, Wisz et al., 2008). Therefore, modelling techniques 
specific to the dataset need to be used. For the spatial ecology component of this study, I will 
use a new-generation GPS unit to quantify habitat use by pāteke, and apply a Maxent model 
to the derived data. 
 
To determine whether the starvation observed in juvenile pāteke is due to poor food selection 
choices, or insufficient resource availability, I will identify and compare the diet of pāteke in 
each location, and for each age group. Identification of dietary selection can also be 
challenging with cryptic, nocturnal or widely dispersed species. Traditional methods such as 
observation or faecal analysis may be prone to misrepresentation of prey types, and biased 
dietary estimates (Barrett et al., 2007).  Invasive or destructive sampling methods (e.g. gut 
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content) are not suitable for threatened species, with low population numbers providing 
insufficient numbers of natural deaths for sampling, and killing individuals to collect samples is 
contrary to conservation efforts. Stable isotope analysis provides a non-destructive, 
alternative means of assessing diets of wildlife, without sample bias (Hobson and Clark, 1992a, 
Hobson and Clark, 1992b, DeNiro and Epstein, 1981). I will use stable isotopes obtained from 
the feathers and blood of individual pāteke, and isotopes from prey items at each site to 
model diet of the birds and attempt to identify any difference in resource use between the 
two populations or between age-groupings within populations.  
 
Pāteke natural history 
Pāteke on GBI have a distinct breeding period beginning around May, but have been observed 
breeding through most months of the year in Okiwi. There can be as much as 2 – 3 months 
difference in seasonal cycles between birds from the North Island to those in Fiordland 
(Southey and Hitchmough, 2000). Females can nest in their first year (Barker and Williams, 
2002) with a mean clutch size of 4-5 eggs; the nesting and brood rearing process takes 3 
months (Barker and Williams, 2002). The Okiwi population has a 66% hatch rate with 74% of 
nests having some success (Barker and Williams, 2002). Hatching occurs as early as August at 
Okiwi and can extend as far through as the following October with secondary attempts from 
females (Barker and Williams, 2002). During the breeding period, pāteke are dispersed 
predominantly in breeding pairs which maintain close contact and hold territories (Barker and 
Williams, 2002). There is very little information on the behaviour of juveniles upon fledging. 
Adult males have been observed evicting fledglings found on their territory (Williams, 2001), 
but movements and behaviour are not well known.  
 
Study Areas 
Two sites have been selected for this study, Mimiwhangata Coastal Park in Northland (Map 6) 
and Okiwi basin (Map 7) on Great Barrier Island/Aotea. These sites were selected by the 
Department of Conservation because of the difference in pāteke population stability. The 
Mimiwhangata population is stable, whereas the GBI population suffers large losses of 
juveniles each year. Both sites are areas of maximum practicable predator control by DOC, 
which includes control of core mammalian predators and pukeko (Porphyrio melanotus) to 
low levels, and control of some competitors (e.g. paradise shell-ducks and mallards) (O'Connor 
et al., 2007). 
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Mimiwhangata Coastal Reserve, Northland 
Mimiwhangata is a Department of Conservation (DOC) Coastal Reserve on Northland’s east 
coast, approximately 48 km from Whangarei (latitude 35o 27’S, longitude 174o 25’) (Map 1). 
The reserve is around 2.2 km2 and is currently grazed (Fraser and Beauchamp, 2009). It has an 
annual rainfall of between 1500 and 2000mm. The area contains mixed habitat surrounded by 
native forest, with pastoral areas with ponds and wetlands which include cattle-excluded 
pond and wetland areas. The reserve contains a campground, farm house, three holiday rental 
homes, and DOC field accommodation; there is no other residential activity. Pāteke predators 
in the area include stoats (Mustela erminea), cats (Felis catus), harriers (Circus approximans) 
and pukeko (Porphyrio melanotus).  
Okiwi Basin - Great Barrier Island  
Great Barrier Island/Aotea (GBI), is situated off the east coast of New Zealand’s North Island, 
approximately 100 km north-east of central Auckland. It has an area of 285 km2 and is New 
Zealand’s fourth largest island.  Pāteke currently occur throughout most of GBI, including deep 
within regenerating forest (Moore et al., 2006), but as with Northland, pāteke at Okiwi mostly 
congregate in the pastoral areas near streams (Barker and Williams, 2002). The site selected 
on GBI is the Okiwi Basin, at the head of the Whangapoua Estuary on northern Great Barrier 
Island (latitude 36o 8’S, longitude 175o 24’) (Map 2). Okiwi Basin is approximately 9km2, and 
predominantly comprised of a mixed sheep and cattle farm. The area also includes a 
residential area and a small airstrip. Approximately half of the island’s pāteke population is 
found on Public Conservation Land and neighbouring privately owned farmland in this basin 
(Watts et al., 2016). GBI is free of stoat predation, but does have cats, kiore (Rattus exulans), 
ship rats (Rattus rattus), dogs (Canis lupus familiaris) and pukeko (Barker and Williams, 2002). 
 
For the purpose of this study when referring to the study locations the names ‘Okiwi’ and 
‘Mimiwhangata’ will be used, when referring to the populations in the wider area ‘Great 
















Objectives for this study 
I investigated the resource selection of pāteke (Anas chlorotis) from Mimiwhangata in 
Northland, and Okiwi Basin on Great Barrier Island. My objectives were to identify and 
compare resource selection by pāteke within and between the locations, attempting to 
answer questions relating to the observed difference in pāteke survival rates between the two 




1. What habitat features are being selected by pāteke at each location? 
The intent of this question is to identify the habitats pāteke are selecting 
throughout a full 24-hour period at each location, to gain a comprehensive 
understanding of the broad-scale habitat types the pāteke from each population 
are using. See Section 1, Chapter 2: Broad-Scale Habitat Selection. 
 
2. Is there variation in habitat selection between populations? 
Comparison of the habitat features pāteke are selecting at each site will help 
identify any difference in habitat preferences between the populations that may 
be influencing the juvenile survival rates at Okiwi. See Section 1, Chapter 2: Broad-
Scale Habitat Selection and Section One: Habitat Selection of Pāteke from Okiwi 
and Mimiwhangata 
 
3. Are the habitats available to Okiwi pāteke the same as those available to the 
Mimiwhangata pāteke? 
Identification and comparison of the available habitats, and not just those that are 
recorded as being used, will allow investigation of why pāteke are selecting 
particular habitat types at each location, and allow wildlife managers to better 
identify necessary broad-scale habitat modification for each location. See Section 
One: Habitat Selection of Pāteke from Okiwi and Mimiwhangata 
 
4. What discrete environmental variables are influencing the probability of use of the 
preferred habitats? 
Not all habitat-types that are grouped as being the same type, for example 
‘ponds’, will have the same appeal to pāteke. The purpose of this question is to 
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identify what discrete, or fine-scale, habitat features and variables such as cattle 
presence or over-hanging vegetation, are increasing or decreasing the 
attractiveness of a habitat feature to pāteke.  Identification of these fine-scale 
variables will provide information for more effective conservation management of 
pāteke habitat. See Section 1, Chapter 3: Fine-Scale Habitat Selection 
 
Diet selection: 
5. Are there differences in body mass between the populations? 
Determining if there is a difference in body mass between the two populations 
will provide an indication of how widespread the starvation of Okiwi pāteke is. If 
pāteke at Okiwi generally lighter than pāteke at Mimiwhangata then this may be 
indicative of widespread, and long-term food shortages at critical growth periods 
for Okiwi pāteke. See Section 2, Chapter 4: Variation in diet and body mass 
 
6. Is there a variation in body mass within populations? 
If the body mass of pāteke from different areas within the Okiwi Basin is different, 
then small scale habitat or more food restrictions may be causing the starvations. 
This may help identify optimal habitats for pāteke that can be increased to 
improve the survival rates at Okiwi. If the entire Okiwi population have low body 
mass with little variation, the food shortage is likely to be widespread and not 
related to a lack of any one specific habitat or food type. See Section 2, Chapter 4: 
Variation in diet and body mass 
 
7. What are the primary food sources of pāteke? 
Identification of the sources contributing to pāteke diet at each study site is 
important to develop management strategies to mitigate the cause of the Okiwi 
starvation event, and to allow for further study of pāteke diet. See Section 2, 
Chapter 5: Identification of Pāteke Diet 
 
8. Are the birds at the two sites consuming the same prey? 
The starvation could be caused by the lack of a specific food source, or by 
selecting a food source with insufficient nutritional qualities for pāteke. 
Comparison of the diet between populations will help identify if the Okiwi pāteke 
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are eating different food sources to the Mimiwhangata population, or the same 
sources at lower quantities. See Section 2, Chapter 5: Identification of Pāteke Diet 
 
9. Do those birds with higher body mass eat the same food types as those with low body 
mass? 
This question allows further exploration into the cause of the juvenile pāteke 
starvation. If pāteke are eating the same foods regardless of weight, then a 
shortage of a preferred source is likely to be a main cause of the observed 
starvations. If the pāteke are eating different sources then it is possible that the 
cause may be poor food source selection, possibly through inexperience or 
availability. See Section 2, Chapter 6: Pāteke Habitat Selection and Diet 
 
10. Are adults at Okiwi feeding on the same prey items as juveniles at Okiwi? 
This question seeks to determine if the juveniles are choosing nutritionally poor 
food sources, or if they are selecting appropriate prey items, but are not 
consuming enough for survival. This questions will specifically compare juveniles 
and adults regardless of body mass. See Section 2, Chapter 5: Identification of 
Pāteke Diet 
 
11. Is there a correlation between habitat use and diet? 
Preferred habitats may provide preferred food choices, or they may be associated 
with increased predator avoidance to allow for longer foraging periods. If pāteke 
using different habitats have different diets, manipulation of habitats by 
conservation managers could allow for improved foraging resources for pāteke. 
See Section 2, Chapter 6: Pāteke Habitat Selection and Diet 
 
12. Is there a correlation between foraging range and body mass? 
If the pāteke that have a larger foraging range also have a heavier body mass then 
predator avoidance may be contributing to the observed starvations. If the pāteke 
that have a smaller foraging range have a larger body mass then it may be that 
these pāteke maintain small territories with good food sources, and therefore use 






13. Do birds that survive have the same diet as those that died?  
Is diet selection potentially contributing to pāteke deaths? Or are the pāteke 
eating the same sources, with some possibly consuming insufficient quantities? 
SeeSection 3, Chapter 7: Correlates of Pāteke Survival 
 
14. If there is a difference in diet, what is the difference? 
Which food sources, if any, are associated with higher probabilities of survival? If 
there are food sources of higher nutritional value that can be identified then 
conservation managers may be able to either monitor the availability of these 
sources for Okiwi pāteke, or manipulate the habitat so to increase the availability 
of these sources. See Section 3, Chapter 7: Correlates of Pāteke Survival 
 
15. Do birds that survived use the same habitat features as those that died? 
If pāteke that survive are selecting different habitat type to those that die, then it 
may be possible to identify the underlying causes of the deaths, and to 
manipulate habitats to increase the availability of the optimal habitat type. See 
Section 3, Chapter 7: Correlates of Pāteke Survival 
 
16. Do birds that survived have the same home range size as birds that died? 
If the distance that birds are travelling to forage is influencing their probability of 
survival then it may be that limited resources are contributing to the Okiwi pāteke 
starvation rates. See Section 3, Chapter 7: Correlates of Pāteke Survival 
 
It is intended that the use of the specific monitoring and analysis techniques in this study will 
provide information to both allow conservation managers to make more informed decisions 
on how best to modify areas of use for pāteke, and aid in understanding the cause of the 
juvenile starvation on Great Barrier. 
 
Thesis structure 
In order to minimise repetition this thesis comprises eight chapters. For clarity, the six data 
chapters are grouped into three sections: habitat, diet, and survival. Each section has its own 
specific general introduction and discussion, with the individual chapters having their own 
brief introductions, methodology, results, and discussion. Methodology will be cross-
referenced between the sections and chapters, with full capture techniques detailed only in 
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Chapter two.  The three sections are bracketed by the general introduction and general 
discussion chapters. 
 
Chapter 1: General Introduction 
 
Section 1: Habitat selection 
Section one is presented in two chapters: Chapter two identifies the coarse-scale habitat use 
of the two pāteke populations studied, Mimiwhangata and Okiwi; Chapter three quantifies the 
fine-scale habitat use. Due to the lack of detailed, reliable information available for the Okiwi 
site, Chapter three will consider only the Mimiwhangata site. For the purpose of this study 
‘broad-scale’ refers to the landscape features available to the pāteke, for example ponds, 
wetlands and paddocks. The term ‘fine-scale’ refers to the variables which may influence the 
selection of these broader features, such as presence of cattle and amount of overhead 
vegetation cover. The data obtained throughout this study will be used spatially to identify 
and quantify habitat use, and provide information for conservation management of pāteke in 
modified landscapes. 
 
o Chapter 2: Broad-scale habitat selection within sites 
In this chapter, the habitat types available for pāteke at each site are identified. 
Pāteke location data (obtained from GPS points) is modelled to identify the habitat 
types with highest probability of pāteke presence, or pāteke habitat selection, for 
each of the two sites. These models are then compared to identify any difference in 
habitat availability and habitat selection for the two pāteke populations. 
 
o Chapter 3: Fine-scale selection of individual habitat types 
Temporal and spatial variables of the key habitats identified in Chapter 2 (for example 
cattle presence, rainfall, vegetation cover) are identified and modelled to determine 
the influence each variable has on pāteke habitat selection.  
 
Section 2: Diet selection 
This section of the thesis contains three data chapters in which I have explored pāteke diet. 
The section begins with the general introduction to provide background and rationale for the 
diet study, and concludes with a general discussion to incorporate the findings of each diet 
chapter. The methodology of these chapters is cross-referenced to avoid repetition. The three 
chapters are: Chapter 4: body mass and isotopic signatures of each population; Chapter 5: 
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identification and proportion of diet sources, and; Chapter 6: correlations between diet and 
habitat use. In these chapters I have explored the diets of pāteke from each of the two study 
locations, Mimiwhangata and Okiwi to identify variation in dietary niche at inter- or intra-
population levels. The within-population groupings are by sex, age, and weight of the birds. 
The aim of this section is to identify the diet of the pāteke and determine if the starvation 
observed in the Okiwi pāteke juveniles is likely due to food limitation, or a difference in diet 
between age groups and populations. 
 
o Chapter 4: Body mass of pāteke at each site 
The body mass of pāteke from each of the sites is compared to determine if there is a 
difference in body mass between the two study populations.  
 
o Chapter 5: Identification of diet 
In this chapter, the data obtained in Chapter four are used to attempt to identify the 
major contributing sources in the pāteke diet. These will then be compared within and 
between populations. Identification of the assimilated food sources and their relative 
importance in the diet of pāteke should allow the identification of key food sources in 
the diet of the Mimiwhangata pāteke, and indicate if any of these may be missing, or 
low, in the diet of the Okiwi pāteke. If the difference in diet between the populations 
can be identified it may be possible to identify and manage the underlying causes of 
the starvation. 
 
o Chapter 6: Relationship between diet and habitat use 
In this chapter, I model the isotopic signature of pāteke from each location and the 
habitat use of the individual birds to identify any impacts that habitat availability, or 
selection, has on diet, and therefore potential starvation, of pāteke. 
 
Section 3: Survival 
o Chapter 7: Correlations between resources selected and survival 
In the previous chapters I applied a predominantly mechanistic approach to exploring the 
difference in pāteke population success between the two study locations. In this chapter, 
while there are between-site comparisons, I primarily focus on the Okiwi population, exploring 
what Silby and Hone (2002) refer to as the ‘demographic paradigm’, the relationship between 
pāteke age and death rates. Pāteke at Okiwi have different isotopic ratios, and therefore 
potentially different diets, to those at Mimiwhangata (Chapter 4). In this chapter I explore 
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correlations between diet differences and the higher number of pāteke deaths at Okiwi than 
at Mimiwhangata.  I compare the habitat use, weight, and age of birds that died during the 
study, to those that survived to identify correlates associated with increased chances of 
survival.  The aim of this chapter is to expose underlying causes of the starvation rates of 
Okiwi juvenile birds, specifically to determine if these are most probably due to a lack of 
resources, or due to foraging choices by individuals. 
 





Section One: Habitat Selection of Pāteke from Okiwi and 
Mimiwhangata 
 
Identification and comparison of the habitat types selected by pāteke 








Section one is presented in two chapters.  Chapter two identifies the coarse-scale habitat use 
of the two pāteke populations studied, Mimiwhangata and Okiwi. Chapter three addresses the 
fine-scale habitat use. The aim of this section is to identify the habitat types being selected by 
pāteke at each location, and then to determine if there are any fine-scale variations within the 
main habitat features that influence this selection. Based on observations from pāteke rangers 
and VHF data (see Appendix 2) I predict that pāteke prefer fenced ponds for roosting, and 
grazed, or recently grazed, grass areas for foraging at night. Their natural history of evolving 
with aerial predators (Williams, 2001) suggests that habitats with overhead cover will be 
preferred over open areas, particularly during the day. 
 
Animals are not generally distributed randomly, but use discrete environmental cues to 
estimate the suitability of sites (Clark and Shutler, 1999, Gilroy and Sutherland, 2007).  This 
process of non-random use of space and voluntary movement is referred to as ‘habitat 
selection’ (Kramer et al., 1999). These selections can be simple locomotor or settlement 
responses to key stimuli, or behaviourally sophisticated choices concerning the allocation of 
time to different parts of a home-range (Kramer et al., 1999). Cues are environmental 
characteristics that animals can observe at the time of selection and may have either direct 
effects on fitness, for example, presence of a food source, or they may correlate with habitat 
quality indirectly, such as the presence and success of conspecifics or heterospecifics (Gilroy 
and Sutherland 2007).  Successful species conservation is often reliant on the management of 
the species’ habitat, for which wildlife managers require a sound understanding of both the 
species’ habitat requirements and the habitat selection process that leads to the use of the 
resources (Smith et al., 2013, Cagnacci et al., 2010, Garshelis, 2000). 
 
Aarts et al. (2008) provided the following explanation of habitat selection: “given sufficient 
time for movement, the expected spatial distribution of an unconstrained population of 
‘random walkers’ within a region of space is approximately uniform, showing no habitat 
preference. This means that if there is no selection occurring and habitat use is random, an 
individual would be expected to spend time in each habitat type proportionate to its 
availability.” Therefore, use of a habitat which is disproportionate to its availability, specifically 
that which  influences survival and fitness of individuals, would signify habitat selection (Jones, 
2001). However, demonstrated habitat preference is not always a reliable indicator of optimal 
habitat (Kristan, 2003, Aebischer et al., 1993). An item may be highly favoured, but if it is 
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difficult to find then it cannot be utilised much. Conversely, if resources which are less 
favoured are the only ones available, then they may comprise a larger proportion of those 
used (Manley et al 2002). For a population, when the preferred habitat does not equal the 
mean of the available habitat, the mean of used habitat draws away from the preferred value 
and moves towards the mean of the habitat distribution as population size increases (Kristan, 
2003). Additionally, as well as selection for, animals can actively avoid a habitat.  An animal’s 
proportional use of one habitat type is linked to the use of other habitat types, thus, 
avoidance of one habitat type will generally lead to an apparent preference for another type 
giving the appearance of preference for the latter (Aebischer et al., 1993). 
 
Habitat selection is not always straight forward. Animals selecting territories must use 
information available in the environment at the time of territory selection to predict where 
they are most likely to survive and reproduce at a later time. This need to ‘predict’ leaves 
them vulnerable to any spatial or temporal changes in the environment after habitat selection 
that alters the relationship between the attractiveness of the habitat and its actual quality 
(Kristan, 2003).  If habitat alterations cause a formerly suitable area to become inhospitable, 
or if a poor quality novel habitat now mimics the features of a better one, organisms might 
become “trapped” by their evolved habitat preference, settling in sites that cannot support 
them and experiencing reduced survival or reproduction (Schlaepfer et al., 2002a, Gilroy and 
Sutherland, 2007). Thus, a trap arises when the organism is constrained by its evolutionary 
past to make a mistake, although suitable conditions (or adaptive choices) might remain 
available elsewhere (Schlaepfer et al., 2002a). 
 
Additionally, in drastically modified landscapes it is possible for the process of natural 
selection to result in incorrect life history decisions. The habitat currently occupied by pāteke 
is markedly different from historic habitat, which although varied, was comprised 
predominantly of lowland forests and wetlands (Worthy, 2002, Buller, 1873). Now, largely due 
to the conversion of New Zealand’s landscape from forest to pasture, pāteke currently inhabit 
lowland valleys and coastal areas, comprising habitat mosaics of short grass, pasture, streams, 
wetland, estuaries, and associated riparian vegetation (Barker and Williams 2002, Dumbell 
1987, Fraser 2005, O’Connor et al 2007). For species such as the pāteke, which inhabit 
landscapes subjected to extensive modification in both appearance and biological functioning 
post-European settlement, individuals may make ‘incorrect’ decisions when selecting habitat, 
which in turn may lead to a reduction in fitness. Formerly reliable environmental cues might 
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no longer be associated with adaptive outcomes if rapid environmental changes have altered 
the quality of habitat associated with specific environmental cues prior to habitat selection, 
resulting in the organisms selection of sub-optimal habitat and a reduction in their fitness 
(Clark and Shutler, 1999, Schlaepfer et al., 2002a, Gilroy and Sutherland, 2007, Kristan, 2003). 
This occurrence of a ‘disconnect’ between the act and consequences of selecting a particular 
habitat type is referred to as an ‘evolutionary trap’, or an ‘ecological trap’ (Clark and Shutler, 
1999, Schlaepfer et al., 2002a, Gilroy and Sutherland, 2007, Kristan, 2003). Evolutionary traps 
encompass behavioural and life-history decisions such as migration timing (Schlaepfer et al., 
2002). Ecological traps refer to negative outcomes of inappropriate habitat selection for the 
individual, such as nest sites (Clark and Shutler, 1999, Schlaepfer et al., 2002a, Gilroy and 
Sutherland, 2007). An ecological trap can occur after a) attractiveness of a selection cue is 
raised in a habitat with lower quality, b) quality is lowered in a habitat with unchanged cues, 
or c) attractiveness of cues is raised and habitat quality lowered simultaneously (Patten and 
Kelly 2010).  In New Zealand, for example, highly modified agricultural land such as paddocks 
often maintain features that are reminiscent of natural grassland, mimicking features of 
natural environments that could support communities resembling those of primary habitats. 
However, they are often highly simplified communities, manipulated to promote the 
productivity of just a few mammalian species, and may be poor substitutes for the natural 
systems that they replace (Gilroy and Sutherland, 2007). 
 
The opposite situation to ecological traps is that of ‘perceptual traps’ which “trap” populations 
when changes to a habitat have no effect on the underlying habitat quality, but the habitat is 
perceived by an animal to be of low quality and is unattractive to settlers. This leads to 
avoidance of habitats which, had they been occupied, would have yielded higher fitness than 
in more preferred habitats, resulting in an undervalued resource and reduced fitness (Patten 
and Kelly 2010, Gilroy and Sutherland 2007). A perceptual trap may arise in three ways that 
mirror an ecological trap: a) selection cues are made less attractive in a habitat with higher 
quality, b) quality is raised in a habitat with unchanged selection cues, c) selection cues are 
made less attractive and habitat quality is raised simultaneously (Patten and Kelly 2010). The 
consequences of an ecological trap are particularly damaging at low population densities 
(Schlaepfer et al 2002). If all individuals have access to the preferred (and lower quality) 
habitat, the population will decline. Whereas at higher population densities, some individuals, 
often subordinates, will settle in the less-preferred (but higher quality) habitat and, as a result, 
their higher fitness might sustain the population (Schlaepfer et al 2002). Ecological traps can 
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be identified in the field by measuring population processes and habitat preference (Gilroy 
and Sutherland 2007).  Perceptual traps can be difficult to detect in the field as their 
symptoms are essentially non-events, whereby organisms fail to exploit available habitat 
opportunities fully. If an animal perceives habitat as unsuitable, then whether or not habitat 
quality is high is moot (Kristan 2003). 
 
Environmental cues regarding habitat may not be the only factor contributing to poor habitat 
choices.  Pāteke have evolved a predominantly crepuscular-nocturnal activity cycle and rely on 
dense vegetation to provide daytime resting sites, nesting sites and escape cover for broods 
(Williams 2001, Barker and Williams 2002). They respond to the proximity of perceived 
predators by ‘freezing’ (Williams 2001). This array of behaviours is proposed to be in response 
to exclusively avian predation in pre-human times (Barker and Williams 2002). However, 
modern ecological circumstances have changed considerably from those that shaped the 
behavioural responses of pāteke (Williams 2001). Specifically, the change in predators from 
avian predators to predominantly exotic mammals, thus changing the predation from aerial to 
ground, diurnally active to nocturnally active, and from sight-dependent to hearing and scent 
reliant predators. Feral cats, rat and three species of mustelids (Mustela erminea, M. nivalis 
and M. furo) are now widespread throughout New Zealand (Williams 2001), whereas previous 
avian predators are now much less of a threat. The Circus eylesi has disappeared and the New 
Zealand falcon (Falco novaeseelandiae) is now restricted to the high country, leaving the 
Australasian harrier as the only potential aerial predator in lowland wetlands (Williams 2001), 
If pāteke are selecting habitats in response to historic predators, and thus leaving themselves 
vulnerable to invasive mammalian predators, it is possible pāteke are in an ‘ecological trap’. 
 
As of 2003, close to 70% of the entire pāteke population occurred on Great Barrier Island (GBI) 
(Ferreira and Taylor 2003) (Ferrier and Taylor, 2003). However, since 1986 the population at 
Okiwi on GBI has been declining at a rate of ~5% per year, with the total GBI population 
predicted to halve every 4.1 years (Ferrier and Taylor, 2003). Low productivity on GBI has been 
identified as a key cause of the decline (Barker and Williams, 2002), with productivity on GBI 
only 25% of that in Northland (Barker and Williams, 2002, Williams, 2001). The low 
productivity on GBI is due to low brood survival (Barker and Williams, 2002), with the average 
life expectancy being estimated at just over 2 years in 1987 (Dumbell et al., 1988). Barker and 
Williams (2002) suggested that the small area of wetland in the pastoral environment might 
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limit breeding opportunities, and that during drought, nesting and feeding might be severely 
constrained.  
 
In this section I will compare the use of habitats between the two study populations of pāteke 
and identify any differences present. I will the attempt to determine the cause of any 
identified variation in habitat use. I will also identify any correlations between temporal and 
spatial variation within the key habitat features to attempt to identify the preferred habitats 





Section 1, Chapter 2: Broad-Scale Habitat Selection 
What habitat features are pāteke selecting at each of the two study 
locations? 
Introduction 
Tracking the locations and movement of wildlife in time and space is fundamental to 
understanding their ecology (Awange, 2012). Animal positions show wildlife managers where 
individuals interact with the ecosystems around them.  It is these interactions which 
ultimately determine the fitness and overall survival of individuals and populations (Cagnacci 
et al., 2010). However, monitoring can be challenging and resource selection is inherently 
difficult to measure. Recent advances in technology have increased the ease and accuracy of 
species monitoring, thus increasing the volume of data available on animal space usage, as 
well as the spatial scales at which usage can be studied (Hebblewhite and Haydon, 2010, Aarts 
et al., 2008). One of the most significant and widely used technological developments, in 
regard to animal monitoring and the study of resource selection, was Very High Frequency 
(VHF) radio-telemetry. VHF has been a fundamental monitoring tool for wildlife biologists 
because of its potential to provide generally unbiased data on an animal’s use of time and 
space (Aebischer et al., 1993). 
 
VHF has been extensively used to monitor pāteke populations, with over 18,000 VHF locations 
being recorded for Mimiwhangata pāteke between 1996 and 2006, and over 12,000 locations 
recorded from Okiwi between 1995 and 2012 (see Appendix 2). However, despite the amount 
of data and large timeframe the data was collected over, there remain significant gaps in our 
understanding of pāteke habitat selection. The VHF data was primarily obtained during the 
day, which leaves the night-time habitat selections of the pāteke uncertain. Additionally, the 
accuracy of the location points is highly variable and often an estimate in the ‘general 
direction’ of the signal, because they were often used to determine movement and not 
intended for collecting detailed habitat selection information. In addition, there are also 
inherent limitations to using VHF telemetry for detailed habitat selection studies.   
  
Despite the substantial contribution to the understanding of animal movements, radio-
telemetry has limitations; it is intrusive, often involving regular disturbance of both the habitat 
and study animal, and requires a high number of staff hours (Beyer and Haufler, 2008). VHF is 
also of limited use in situations where the species is nocturnal and utilises habitats which are 
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unsafe for monitoring at night, or where the access is restricted (e.g. pāteke O’Connor et al 
2007). These limitations can result in incomplete estimates of habitat use (Beyer and Haufler 
1994). Additionally, sampling error is usually large in VHF studies because only a small number 
of animals can be tagged due to the high number of fieldwork hours required for monitoring, 
and the sampling effort between the tagged individuals is usually unbalanced (Aarts et al., 
2008). The development of Global Navigation Satellite Systems (GNSS) has revolutionised 
wildlife monitoring (Cagnacci et al., 2010, Hebblewhite and Haydon, 2010). The use of 
satellite-based navigation systems essentially eliminates the VHF monitoring obstacles, and 
allows for regular, 24hr data collection, across the earth, which can achieve high precision and 
accuracy (Cagnacci et al., 2010). The use of GPS allows disturbance to be reduced by removing 
need for regular human presence, and each individual animal only needs to be disturbed for 
attachment and removal of the tags. Sampling imbalance is also reduced as individual units 
are able to be programmed to record fixes at regular intervals to obtain equal data on each 
tagged individual. 
 
With this improved data has come an extensive range of analysis tools to describe patterns 
and make predictions, referred to as Species Distribution Models (SDMs) (Guisan and 
Zimmerman, 2000, Elith and Leathwick, 2009, Elith et al., 2006). SDM’s identify the 
relationships between occurrences of species, and the habitats and environmental conditions 
in the study area (Guisan and Zimmerman, 2000). This allows for habitats to be ordered by 
their relative preference (Boyce et al., 2002). In addition, geographic information systems 
(GIS) provide the ability to store and manipulate large datasets alongside environmental data 
(Elith and Leathwick, 2009). Use of GIS and SDM tools are  popular and widely used in many 
ecological applications  and there are now a wide variety of species distribution modelling 
methods are available to predict potential suitable habitat for a species (Kumar and Stohlgren, 
2009). 
 
There is little consensus on how to best select the sample size for avian resource selection 
studies. Lindberg and Walker (2007) state that 20 birds are required to meet the simplest of 
objectives in populations over 100. Allderidge and Griswold (2006) recommended at least 50 
locations from at least 20 animals for analyses. Seaman and Powell (1996) recommend at least 
20 -50 animals for kernel density estimation, and Aebischer et al. (1993) proposes an absolute 
minimum of 6 tagged animals, recommend a sample size exceeding 10 radio-tagged animals, 
and state it is preferable to have a sample size above 30 for an adequate compositional 
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analysis, with comparisons between categories of animals exceeding 10 individuals per 
category. In studies with endangered species, or limited numbers of animals available for 
tagging, meeting these recommendations is not always feasible. Factors such as the number 
of individuals available in a threatened population, for which distribution data can be scarce 
or clustered, (Kumar and Stohlgren, 2009), can still result in limited sample sizes.  This limited 
data collection can then restrict distribution modelling ability as most methods are sensitive to 
sample size (Wisz et al., 2008). Therefore, modelling techniques, such as Maxent, which 
enable analysis without a large sample size are appropriate. Maxent is a maximum entropy 
based machine learning program that estimates the probability distribution for a species’ 
occurrence based on environmental constraints (Phillips et al., 2006). It requires only species 
presence data and environmental variable (continuous or categorical) layers for the study area 
(Kumar and Stohlgren, 2009). Maxent has been found to outperform many different modelling 
methods, maintaining efficacy even with small sample sizes (Elith et al., 2006, Wisz et al., 
2008, Pearson et al., 2006, Hernandez et al., 2008). For example,  Kumar and Stohlgren (2009) 
successfully used Maxent to predict habitat of the plant species Canacomyrica monticola 
based on 11 occurrence records. Hernandez et al. (2008) compared four different habitat 
modelling methods with 18 fauna species and found Maxent was effect with sample sizes as 
low as 5 or 10 occurrences. Maxent allows for ranking of the habitat variables to show the 
influence of that habitat type on the number of individuals present. It also provides 
predictions on not only expected habitat use, but how the area of each individual habitat 
alters the expected number of the target species individuals present. 
 
The New Zealand brown teal/pāteke is an example of a species for which VHF monitoring is of 
limited efficacy. Radio-telemetry is the main monitoring tool currently being used in pāteke 
management areas, however, as well as being invasive and expensive in terms of staff hours, 
(O’Connor et al 2007), their predominantly nocturnal behaviour (Williams 2001) and use of 
habitats which are dangerous and difficult to access at night-time, are additional barriers to 
gaining a comprehensive understanding of habitat selection.  Although there have been 
several pāteke habitat use studies (Parrish and Williams 2001, Barker and Williams 2002, 
Worthy 2002, Fraser 2005, Dumbell 1987, MacKenzie and Fletcher unpublished, Fraser and 
Beauchamp in preparation) there remain significant gaps in our knowledge. Specifically, there 
has been limited study of the night-time activity of this nocturnal species (see Appendix 2). 
The absence of reliable nocturnal data has been found to result in an incomplete, and in some 
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cases very different, estimate of wildlife habitat use (Beyer and Haufler 1994). Therefore, this 
gap could potentially be substantial in regards to pāteke management. 
 
In this chapter I have applied Maxent models to GPS data collected from the two pāteke study 
populations, Okiwi on Great Barrier Island and Mimiwhangata in Northland (see Chapter 1) 
(Phillips et al., 2004, Ghisla et al., 2012). These models are used to identify the most likely 
habitats to be occupied by pāteke and allow for comparison of predicted habitat use between 
locations. I also use the models to identify and compare the habitats available to each 
population. This will determine if the pāteke in the two locations have the same habitat types 
available to them and if, within these, they are choosing the same habitat features. This will 
aid in determining if the pāteke are restricted in available habitat, or making incorrect habitat 
choices, or if the habitat use and availability is similar between the study populations. I predict 
that the Okiwi population are choosing different habitat types to the Mimiwhangata 




Birds were captured by me and by trained Department of Conservation (DOC) staff, as per 
animal ethics permit 24/10.  At Okiwi pāteke were caught at night using trained pāteke dogs 
and soft hand nets. At Mimiwhangata capture was at day time roosting sites of known/VHF 
tagged birds, using set nets on ponds and hand capture at terrestrial roost sites. 
 
New generation GPS wildlife tags were used to collect location data on pāteke. The wildlife 
tags were developed by the University of Otago Physics Department and combine both GPS 
and Global System for Mobile Communication (GSM) technology, which allows data from the 
GPS to be sent via text message to a base station (Payne, 2013). The units are attached as 
back-pack mounted tags each weighing approximately 22g for tags deployed on adult pāteke, 
and 16g (GPS only) for tags deployed on juveniles. All tags also had a 3.8g VHF unit attached to 
the dorsal surface to monitor mortality and to relocate birds at the end of the study.  A 
minimum weight was set for tagged birds to ensure that tags would not exceed 4.5% of the 
birds bodyweight (as determined by permit conditions and the pāteke recovery group). The 
minimum was determined by weighing the tags with harness and VHF (approximately 25g) 
and calculating the appropriate bird weight for each unit. Tags were attached using the 




Image 1 pāteke fitted with back-pack mounted GPS tag and additional VHF tag attached to the top. 
The positions of sequentially collected locations from a tagged animal may be serially 
correlated as the chances a specific area will be used is dependent on the area in which the 
animal is initially observed, the animal’s ability to move, and the interval between telemetry 
observations (Porter and Church 1987, Aebischer et al 1993). Therefore, a sample rate of 
every 7 hours was selected to have samples taken at a different time each day, provide 
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enough battery life for the tags to last 6 months, and to ensure each point taken was 
independent. Initially the tags were designed to send data to a base station by incorporating 
GSM technology (Payne, 2013). The objective was to allow regular monitoring while reducing 
species disturbance by eliminating the need to recapture individuals throughout the study to 
obtain data. However, the GSM function of the tag was found to be unreliable, with only a 
small number (<20) of locations transmitting to the tower, so data were stored on the device 
and collected at the time of tag removal. 
 
Tag trials were carried out on wild pāteke at Mimiwhangata over a period of two days to one 
week in May, June, and July 2011, and on captive birds for 3 days in December 2011 at 
Peacock Springs in Christchurch. These trials were to ensure the size, shape, and weight of the 
tags did not cause discomfort or injury to the birds, nor hinder mobility. At Mimiwhangata, 
four birds were fitted for three trials with the GPS/GSM tags, totalling 12 units, and two birds 
were tagged in the Peacock Springs trial. For the first two trials four additional birds were also 
fitted with VHF tags. Prior to fitting the tags, birds were examined for sign of pre-existing 
feather damage and weighed. After the trials, birds were reweighed and feather condition re-
examined to inspect for any damage caused by the tags. Any weight loss was compared 
between the VHF and GPS tagged birds to determine if any weight loss is as a result of the GPS 
tag or if it was a natural weight fluctuation. During the trials each GPS tagged bird was 
observed daily, monitoring for any signs of altered behaviour or distress, and for any signs of 
difficulties with flight or mobility that may be caused by the tags. 
 
Three full 6-month deployments of GPS units and VHF tags were carried out at Mimiwhangata. 
The aim was to attach the tags for each deployment within several days, however our ability 
to locate birds within suitable weight ranges, tag availability, and weather conditions delayed 
some attachments. Therefore, the attachment periods were as follows: Eight tags attached 
February – April 2012, five attached June 2012 with one additional bird tagged 26th July (six 
tags total), and 10 in November 2012, with 24 tags in total deployed for the study, and 36 tags 
deployed in total including trials. An additional five ‘control’ birds were tagged with VHF tags 
in March 2012. 
 
Two GPS tag deployments were carried out at Okiwi, the first from the 17th – 21st February 
2012, and the second from the 10th – 11th October 2012. There were 18 birds GPS tagged in 
the first deployment, 16 adults and two juveniles, and five VHF tagged. A further 10 birds were 
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GPS tagged and seven VHF tagged for the second deployment. Tag deployment times varied 
for birds, with five months being the minimum. This was because of difficulties re-locating 
individual birds for tag removal. 
 
Shapefiles for the habitat types (e.g. paddock, native forest, estuary see Table 1) were created 
by manually tracing geo-referenced aerial images of the sites in ArcGIS 10 (see maps 1 and 2) 
at a scale of between 1:250 and 1:800 depending on habitat type. Habitat types used are 
identified in Aerial images were provided by the Department of Conservation Geospatial Unit. 
The Mimiwhangata site habitat types identified and drawn were: beach, sandy beach, 
building, ungrazed coastal grass, delta, ephemeral stream, farm track, native forest, paddock, 
pond, road, rocky shore, stream, tree (single tree), trees (a stand of trees), tussock (clumps 
large enough to view from aerial image, not individuals), wetlands, vegetated wetlands and 
ungrazed planted areas. The habitats mapped for Okiwi were: airstrip, river banks, building, 
drains, ephemeral streams, estuary banks, native forest, orchards, paddock, pond, rocky 
shore, residential yards, roads, sandy beach, sand dunes, stream, tree, trees, ungrazed 
vegetated area, ungrazed pastoral area, ungrazed wetlands, estuary – open, estuary – 
vegetated, wetland vegetation, verge (roadside) and wetland (Table 1). Any locations that 
were not clear on the aerial map were compared with site photos taken by me, and aerial 
maps from Bing (bing.com/maps) and Google Earth (www.google.com/earth). Once complete, 
10 random locations were placed on each of the maps using the ArcGIS random points tool. 
Maps were taken to each field location and the habitat types at each location were verified. 
 
The importance of boundary selection in spatial studies has been well discussed in the 
literature (Porter and Church 1987, Aebischer et al, 1993, Alldredge et al 1998, Otis 1998, 
Mackenzie et al, 2008,). It has been generally accepted that the choice of study area and plot 
size should be tied directly to the scale of selection being studied and the distribution of 
habitats in the area accessible to the population of interest (Alldredge et al, 1998). Therefore, 
for this chapter, the boundaries of the relevant conservation land at each site (see Chapter 1) 
were clipped using ArcGIS to the largest known distance travelled by an individual pāteke 
during this study. This reduces the impact of large, unsued, areas of forest on the models, but 
ensures that all of the farm areas are included. The clipping was performed by placing a buffer 
of the largest distance travelled by one bird around each of the location points (1,116m). A 
minimum convex polygon (MCP) was created using the outside of each of these buffers to 
create the extent of the ‘available’ habitat. All habitat variables outside of the MCP were 
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clipped and a new habitat shapefile created with the smaller area. Separate models were run 
using both the clipped and the full area for comparison. 
 
There are two inherent inaccuracies with GPS. The first is the accuracy of the GPS unit, which 
will be addressed in this study by using a buffer around each recorded point, or use of large 
(>35 m) grids. This also accommodates possible selection of habitat because of the 
combination of resources in an area, rather than the occurrence of any single resource (Porter 
and Church 1987, Alldredge et al, 1998). Selection of the buffer or grid size was arbitrary 
(Erickson et al, 1998) as it is unknown what area a bird considers when selecting its habitat, 
and there is no consensus in the literature on how to determine buffer size. Therefore, the 
models were repeated for the two populations using areas of varying size including point data 
only, 20m buffers, 35m grids, and 60m buffers and grids. Model performance was used to 
select the best estimate. The smallest buffer size of 20m was the GPS error (K. Payne pers. 
comm 29/7/ 2013). The smallest size grids, 35.5m were selected as they have a similar total 
area to the 20m buffer for comparison. The largest was set to 60m as given the patchy nature 
of the habitat an area larger than this contained too many variables, and included areas 
known to be unused by pāteke. 
 
The second potential inaccuracy is from units being unable to collect location data in specific 
locations. Steep terrain and bush cover can interfere with satellite signals and create bias due 
to the used habitat being unrecorded. This problem was to be addressed by identifying any 
instances where a location was not recorded by the tags and attempting to identify the cause. 
However, large scale tag failures (see Results) meant it was not possible to examine failed 
points. 
 
For this study I employed a less common use of the Maxent model in an attempt to use the 
process of predicting probability of occurrence in the habitat areas within the known points 
(Phillips et al., 2004, Gattermayr et al., 2013). Maxent version 3.3.3 was run with the 
replicated run type being set to subsample and all other settings as autofeatures. I assigned 
50% and 30% of the known locations to ‘training’ sets for model validation leaving 50% and 
70%, respectively, for the training data, and ran the models with both settings (Fielding and 
Bell, 1997; Guisan et al., 2003).  Model results were tested with the area under the curve 
(AUC) of the receiver operating characteristics (ROC) plots, as AUC is independent of 
prevalence (the proportion of presence in relation with the total data set size) as assessed by 
its mathematical definition (Sillero and Gonçalves-Seco, 2014). Maxent determined the 
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importance of each environmental variable by jack-knife resampling of the training and test 
gain and of AUC values, and provides  an average percentage contribution of each habitat 
variable to the models (Sillero and Gonçalves-Seco, 2014). 
 
Random Forest models (Cutler et al., 2007) were run with auto features using the 35m grid 
technique used for Maxent. Two predictor partial dependence plots were created for the 
Mimiwhangata population using the Random Forest package. The model was run using 50% 
inclusion of data for the clipped habitat area. Pseudo-absence points for the model were 
selectively created by generating random locations outside of the MCP of the habitat of the 
individual birds. Any random point placed over a location where pāteke were known to occur 
regularly (i.e. a pond which is known territory) was deleted. An even number of presences and 
pseudo absences were used for each site. 
 
Table 1 Definitions of habitat features used 
Habitat feature Description 
Airstrip Maintained grass strip used as an airfield. 
Beach sand, rocky shore, 
beach 




Areas with manmade structures, residential is an area of housing, 
‘Orchard’ is a fruit orchard with buildings, other buildings classified as 
‘buildings’. 
Coastal grass Areas of un-grazed grass between the intertidal area and the farmland, 
roads etc. 
Delta Area of low, flat land where river merges to sea. 
Tree, trees, exotic trees, 
native forest, forest, 
tussock 
‘Tree’ is a singular tree, ‘trees’ is an isolated group of trees removed from 
the larger forest, ‘exotic trees’ as ‘trees’ but where all are known to be 
exotic species, ‘native forest’ or ‘forest’ is the large area of native forest 
surrounding each study site. ‘Tussock’ individual patches of tussock grass’. 
Paddock, paddock boggy Farmed grass areas. ‘Paddock boggy’ is paddock muddy underfoot even in 
the absence of rain. 
Pond Permanent water, some open water areas. 
Wetland, wetland 
vegetated 2 
Area that is land (often grassy bottom) with swampy water. Minimal open 
water. May be ephemeral. Vegetated is wetland areas with flaxes and 
other large emergent vegetation. 
Stream, stream 
ephemeral 
Streams classified by their permanence. 
Ungrazed planted areas, 
ungrazed vegetated 
areas, ungrazed paddock 
Ungrazed planted or vegetated areas are areas planted with vegetation 
with no livestock access, not forest. Ungrazed paddock is fenced grass 
area which is not farmed. 
Vegetated / 
unvegetated estuary 
Estuary classified by presence of absence of emergent vegetation. 
Road, verge, farm track ‘Road’ are the gravel or sealed roads at site. Verge refers to the edges 
between these roads and the next habitat feature, usually forest or 
paddock. ‘Farm track’ is the 4wd, usually grass/dirt tracks through farm. 
Wet areas, ephemeral 
wet areas 
Refers to any of the above habitat types which contain permanent water. 













A total of 109 individual pāteke were captured for this study, 51 at Mimiwhangata and 58 at 
Okiwi. There were 36 GPS tags deployed on pāteke at Mimiwhangata, including preliminary 
trials. A total of 430 GPS data points was obtained from 12 of the deployed Mimiwhangata 
tags (Map 10), the remaining tags failing or being damaged by the pateke, making collected 
data irretrievable. The number of fixes per tag was as follows: 1, 1, 2, 10, 16, 24, 37, 44, 58, 60, 
65, and 112. At the completion of each of the trial three of the birds were recaptured. Of 
these, two had the tags removed as the tags had broken antenna (one GPS and the other the 
GSM), and any collected data were obtained from the tag. The third bird was left wearing the 
tag as there was no injury to the bird or damage to the tag. This tag had transmitted signals so 
was confirmed to be collecting data. The fourth bird was not located until 5th July 2011. There 
were no signs of injury to the bird from the tag, but there was feather loss under the tag 
which is common with backpack-mounted units. This tag did not transmit so was removed to 
have the data downloaded. 
 
In 2012 there were 28 GPS tags attached at Okiwi in two separate deployments.  The first, 
deployment 1, was February 2012 during which 18 GPS tags (16 GSM tags, two GPS only) and 
five VHF tags were attached to pāteke. Of these, five birds subsequently died and two were 
not relocated. Only two of the tagged birds were thought to be juveniles, one subsequently 
died and one increased in weight during the study.  The second Okiwi deployment was in 
October 2012.  Ten birds were tagged with GPS (six juveniles) and seven tagged with VHF only. 
All birds were VHF tracked for 2-3 weeks post tagging. Only four tags had recoverable data. 
Once unusable data were removed there were 14 birds with a total of 750 useable GPS points 
(1, 2, 4, 5, 7, 8, 54, 61, 74, 77, 80, 84, 91, 202 fixes) and 12 with points from VHF tracking (Map 
11), the remaining tags failing or being too damaged to retrieve data. For the VHF points, only 
actual observations were recorded; triangulations were not used.  The remains of 6 study 
birds that died were sent for necroscopy, but cause of death (COD) could not be determined.  









Map 11 GPS recorded locations for pāteke at Okiwi as shown by red points. 
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Mimiwhangata habitat selection 
The models run using the full reserve area were excluded from the results as they were found 
to over represent the negative influence of native forest on pāteke presence, masking the 
influence of other variables. The AUC for the remaining model’s ability to predict the test data 
ranged between 0.785 and 0.891. The models presented in this thesis are the point data and 
the area data utilising 35m grids, however other models are discussed. In all model outputs, 
ponds were identified as the habitat type most likely to be selected by pāteke, with wetland 
being the next most important habitat feature (Map 12, Map 13). Paddocks were predicted to 
be the typical habitat where pāteke would be expected in both models. The strongest 
predictor variable for all of the models was native forest, with a negative relationship. The 
amount and combinations of pond, wetland and ephemeral wet area within the immediate 
area influenced the predicted habitat suitability (Figure 1, Figure 4, Map 13). This is illustrated 
in Map 13 with the change of importance of predictor variable based on the habitat types and 
quantities within the 35m grid areas. This is indicated by areas showing increased probability 
of occurrence in Map 12 that show decreased probability in Map 13 once the surrounding 
areas were included. 
 
There was variation in predictions of the ideal quantity of each habitat type between the point 
and area models. The area models indicate that there was a maximum ideal quantity of each 
habitat type for pond, paddock and wetland which was not apparent with the point data only 
(Figure 1, Figure3). All models predicted an increase in probability of occurrence with 
increased proportion of pond until approximately 1000m2 of pond area, at which point the 
probability of occurrence declined. The point data showed that forest is highly unlikely to be 
used by pāteke (Figure 2). All models predicted a decrease in probability of occurrence as the 
quantity of forest increased, suggesting a preference for edges if using forest (Figure 2). There 
was a very slight increase of predicted probability of use of paddocks as the area of paddock 
increased, with paddock-only areas predicted to have almost no influence on the probability 
or occurrence(Figure 3).  Ephemeral wet areas never contributed to more than 29% of the 
35m grids, and less of the 20m buffers, but the increase in its presence up to this size resulted 


















































(a)     (b)        
 
Figure 1 Pond point data (a) and 35m grid (b). Point data shows high probability of pāteke presence in 
pond areas compared to other habitat types. Grid data shows that any pond area within the habitat grid 
increased probability of pāteke occurrence, with a slight decrease if there are no other habitat types 
included. 
 
(a)   (b)  
 
Figure 2 Forest point data (a) and 35m grid (b). Point data model shows that forest was highly unlikely 
to contain pāteke. Grid data model shows that forest areas were unlikely to be pāteke habitat and as 
the area increased the probability of pāteke occurrence declined. 
 
(a)   (b)       
 
Figure 3 Paddock point data (a) and 35m grid (b). Point data shows very slight positive shift in 
probability of pāteke with presence of paddock. Grid data show only very slight increases in the 
probability of pāteke presence with increasing amount of paddock. 
 
(a) (b)        
 
Figure 4 Ephemeral wet area point data (a) and 35m grid (b) data show any presence of ephemeral wet 



















































































Map 12: Predicted probability of habitat suitability for pāteke based on known locations using point 
data. Blues represent areas of low suitability, green represents areas of usual occurrence, and orange 
and reds indicate highly favoured areas. This figure indicates that ponds are the most suited habitat 
areas with wetlands and ephemeral wet areas being highly favourable. Paddocks are indicated to be 
areas generally expected to contain pāteke with forested areas being expected to be the least likely 




Map 13 Predicted probability of habitat suitability for pāteke based on known locations within 35m 
grids. Blues represent areas of low suitability, green represents areas of usual occurrence and orange 
and reds indicate highly favourable areas. This figure indicates that while ponds and wetlands are highly 
suitable habitats, the suitability is dependent on the ratio of other habitats within the grids. This map 
shows that forest edges are slightly more favourable than forest interior.  
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The Random Forest model had a similar prediction to that of Maxent, with the variable of 
most importance being ponds, followed by native forest, ephemeral streams, and paddocks 
(ROC 0.956). However, the Random Forest (RF) predictions placed a large emphasis on roads, 
suggesting that the buffer areas were too large, or that areas in proximity to roads are 
important predictors of pāteke presence and were missed by Maxent. Native forest had a 
negative relationship with probability of occurrence (Figure 5a). Although wetland ranked as a 
less important variable than in the Maxent model (Figure 5b), the RF model prediction is that 
with increased area of wetland there would be increased probability of pāteke use. Wetlands 
had a higher predicted probability of pāteke than the ponds in the RF models (Figure 6a). This 
differs from the Maxent prediction of wetlands being the same or slightly less likely than 
ponds to have pāteke present. Both native forest and un-grazed planted areas (Figure 6b) 
were predicted to have negative influences on the probability of pāteke presence with native 
forest being a positive if only a very small quantity of forest is present in the area then rapidly 
declining, and un-grazed planted areas showing a predominantly negative relationship. 
 
(a) (b)  
Figure 5 Probability of pāteke occurrence with increasing area of native forest (a) and wetland (b).  
(a) (b)   





Multi-variable predictor dependence for Mimiwhangata pāteke 
Influence of varying proportions of pond in relation to other habitat variables on predicted 
pāteke presence 
In this section, because of the high number of graphs created by the models, only selected 
graphs are shown to highlight significant results, or results of particular importance to the 
study objective. Pāteke were predicted to be more likely to be present in areas with both 
paddock and pond if there were higher ratios of paddock to pond (Figure 7). The predictor 
dependence for pāteke presence for areas of pond and wetland was found to be very strong 
(Figure 8). Most combinations of pond and wetland were predicted to have a very high 
probability of pāteke presence, particularly in areas which are predominantly comprised of 
pond. Ephemeral streams and wet areas with ponds were predicted to have a positive 
correlation with pāteke presence (Figure 9). Probability of occurrence was predicted to 
increase with increased ephemeral wet area, the optimal ratio retaining a higher proportion of 
pond. Native forest near pond had a negative predicted association with pāteke presence, 
with increasing proportions of forest predicted to be correlated with decreasing probability of 
pāteke presence (Figure 10).  
 
 
Figure 7 Presence was more likely in areas of paddock and pond if there are higher level of paddock with 
smaller proportions of pond. The plots indicate the marginal effect of each habitat type on the 
probability of pāteke presence. The warmer colours indicate higher probability and cooler indicate lower 




Figure 8 Predictor dependence model showing the probability of pāteke occurrence with varying 
proportions of wetland and pond. 
 
 
Figure 9  Predictor dependence model showing the probability of pāteke occurrence with varying proportions of 
ephemeral stream and pond. 
 
 
Figure 10 Predictor dependence model showing the probability of pāteke occurrence with varying proportions of 
native forest and pond. 
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Influence of varying proportions of paddock with other habitat variables on predicted pāteke 
presence 
Paddocks containing ephemeral streams were predicted to be more likely to contain pāteke 
than either variable alone (Figure 11). Any proportion of native forest in a paddock was 
predicted to decrease the use of the paddock, but a small amount of forest and paddock was 
likely to increase the probability of use for forested areas (Figure 12).  
 
 
Figure 11 Predictor dependence model showing the probability of pāteke occurrence with varying 
proportions of paddock and ephemeral stream for the Mimiwhangata pāteke population. 
 
Figure 12 Predictor dependence model showing the probability of pāteke occurrence with varying 
proportions of paddock and native forest for the Mimiwhangata pāteke population. 
 
Pāteke prescence in wetlands decreased rapidly with increased portions of native forest 
(Figure 13). Native forest was found to have a very low probability of pāteke use, but with 
incresing probability if there were paddock or ponds within 40m. Streams had a similar 
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increase to paddocks, wetlands bordering forests were predicted to be correlated with the 
largest increase in probability of pāteke occurance. 
 
 
Figure 13 Predictor dependence model showing the probability of pāteke occurrence with varying 
proportions of wetland and native forest for the Mimiwhangata pāteke population 
 
Okiwi pāteke habitat selection 
The probability of pāteke occurrence in Okiwi habitats was found to be most strongly 
influenced by ponds, native forest, wetlands, and paddocks. Although forests were the 
strongest predictor of pāteke presence, this was a negative association meaning that an 
increase of forest proportion decreased the probability of pāteke being present. Ponds were 
predicted to be the most selected habitat feature for pāteke. Pond habitats at Okiwi had 
minimal influence on the model, however the jacknife of variable importance identified ponds 
as the environmental feature with highest gain. This difference indicates that although ponds 
are a low proportion of the available habitat, they are highly utilised resource for pāteke when 
present. The predicted probability of pond use however was low for areas with less pond 
proportions in the habitat, but increased to peak in habitats which are predominantly, but not 
entirely, pond (Figure 14a). The probability of selection dropped dramatically to almost zero 
after 1000m2. 
 
Estuary banks were predicted have high probability of pāteke when the surrounding area also 
contained other habitat types. Native forest had the highest permutation importance and 
variable importance, however this may be influenced by the size of the forested areas 
surrounding the Okiwi Basin. Forest had minimal influence on the probability of pāteke 
occurring, with the exception of pāteke being slightly more likely if forest contributed only a 
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small proportion of the habitats in the area, or the area was entirely forest, which resulted in a 
highly-reduced probability of pāteke occurrence (Figure 14b). There is a spike of increased 
probability when the area is just over 75% forest, which is possibly the result of three birds 
regularly using forest edges as a roosting site. Paddocks were not predicted to influence the 
probability of pāteke presence, unless the area contained no paddock, or was entirely 
paddock, in which case probability of occurrence declined slightly (Figure 15a). The predicted 
probability of pāteke occurring in wetlands slightly increased if the area was approximately 
40-60% wetland, but decreased to a negative relationship if the proportion was above or 
below this (Figure 15b). The Okiwi model results showed no influence on probability of pāteke 
occurring with changing proportion of ephemeral streams, presence of buildings, rocky shore 
areas, streams or individual trees. 
 
 
(a) (b)  
Figure 14 Probability of pāteke presence with increasing area of pond (m2) (a) and native forest (m2) (b). 
 
 
(a) (b)  




Map 14 Predicted probability of habitat suitability for pāteke at Okiwi based on known locations within 
35m grids. Blues represent areas of low suitability, green represents areas of usual occurrence and 
orange and reds indicate highly favourable areas. This figure indicates that while ponds and wetlands 
are highly suitable habitats, the suitability is dependent on the ratio of other habitats within the grids. 





The maxent model proved effective for this study, based on AUC, with all of the 
Mimiwhangata, and most of the Okiwi, models performing well in predicting suitable habitats. 
The mapping of the locations revealed that habitat features available between the sites vary 
in both type and quantity, with Okiwi having residential areas, an orchard, an airstrip and a 
large estuary, which were not present at Mimiwhangata. 
 
The quantity of the similar features also varied with Mimiwhangata having over double the 
area of pond than Okiwi, but less paddock area in a reserve almost three times smaller in area 
than Okiwi. Despite differences in relative habitat availability and habitat types differing 
between Okiwi and Mimiwhangata, ponds were the most likely habitat type to be selected by 
pāteke at either site. However, ponds were preferred only up to a maximum size, at which 
point the preference decreased, suggesting that habitats which contain pond edges or smaller 
ponds were preferred. Although pāteke were more likely to be found in pond, wetland, and 
ephemeral wet areas, the proportion and combinations of these habitats within the 
immediate area influenced the predicted habitat suitability. This may be because pāteke 
evolved with aerial predators (Barker and Williams, 2002), and birds on large open water 
bodies are more vulnerable to aerial predators. Or the territorial behaviour displayed by 
pāteke (Williams, 2001) could mean that ponds not used for flocking sites are only used by a 
single pair at a time, as observed in other waterfowl (Godin and Joyner, 1981). This would 
result in larger ponds appearing to be less used as a result of lower total density, or birds not 
being recorded in large areas of the pond. 
 
Predicator dependence models for Mimiwhangata support the single variable models, 
indicating low to no selection for native forest, aside from forest edges. These results are only 
indicative of habitat selection in the non-nesting period. Pāteke have been recorded to select 
nesting sites in forests, presumably for overhead-cover, so although not observed in this 
study, forest has previously been identified as an important resource for pāteke (Barker and 
Williams, 2002).  At Okiwi, however, native forests were selected for during this study period. 
Although there was a negative relationship between presence and amount of forest at both 
sites, the pāteke at Okiwi were selecting forest edges. Forest edges were found to be valuable 
roosting spots for some pāteke, predominantly at Okiwi by birds without ponds in their 
territory. Several pāteke at Mimiwhangata without ponds within their territories were also 
found roosting in forests, however these birds were not included in this study because of tag 
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failures. The use of forest by these pāteke suggests that if ponds are not available for roosting 
territories, forest edges may be valuable as an alternative habitat type. Pāteke have 
historically been found in forest locations throughout New Zealand (Worthy, 2002, Holdaway 
et al., 2013), so reduced use of forest at Mimiwhangata compared with Okiwi may be a result 
of less preferred habitat at Okiwi (pond). It is also possible that the presence of pāteke in 
areas of dense overhead cover and forest is potentially under-represented in this study 
because validation exercises of the GPS units were not able to be completed (see 
Methodology).  However, if this was the reason for lower recorded presence in these areas, 
pāteke would have been expected to be recorded near forest edges with the GPS, or during 
VHF monitoring at Mimiwhangata, which they were not. The only birds that were found to be 
deep within forest during VHF sampling (i.e. further than represented in Maps 1 and 2) were 
dead, possibly moved there by predators. 
 
The ephemeral wet areas were most likely to be underrepresented in the Okiwi models 
because of the extremely dry summer at Okiwi after the mapping process was completed, 
meaning they were possibly dry, and not available as wet areas to pāteke. The January rainfall 
at Okiwi was 13mm, the lowest in 10 years. Therefore, the ephemeral wet areas were 
probably dry and presenting as paddock or dirt areas to Okiwi pāteke. If ephemeral areas are 
usually an important food source to Okiwi pāteke, as they are shown to be for Mimiwhangata 
birds, this seasonal loss of these areas may be contributing to the observed pāteke starvation 
in the area. 
 
The Random Forest prediction of roads being an important habitat feature is most probably an 
artefact of buffer size, but it may be indicating that the areas alongside roads are important to 
pāteke. In wet conditions pāteke use the water in road potholes, and they are often present 
on roads as indicated by the number of pāteke recorded as road kill (Watts et al., 2016). 
However, the lack of point data on roads suggests that this is not a preferred, or strongly 
utilised habitat. Roads are most probably appearing as selected features due to nearby 
habitats, such as roadside drains, which may provide foraging areas to pāteke, but were not 
included in the models for this thesis.  It may be beneficial to run the models with roadside 
habitats identified to determine the value of these areas to pāteke.    
 
The strong preference for ponds by pāteke at both locations was predictable, although there 
are several pond areas not used by the birds.  In Chapter 3 I further explore the discrete 
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habitat variables that influence the selection for, or against, ponds as well as the temporal 
variables which may influence pāteke paddock use. 
 
Pāteke are known to have once had an extensive and varied geographic range in New Zealand 
(Worthy, 2002). It is possible that comparatively restricted range they now occupy is not the 
only suitable habitat for them, and that the key habitats identified in this study exclude areas 
which may be highly beneficial to pāteke. Modelling the historic habitats of pateke may 
provide a useful insight to potential translocation sites, or further our knowledge for better 
manipulation of existing sites. However, the aim of this study was to investigate and identify 
best practice for management of the existing habitats based on their current range, and the 




Section 1, Chapter 3: Fine-Scale Habitat Selection 
What are the spatial and temporal variations influencing the selection 
of habitat types by pāteke at Mimiwhangata? 
Introduction 
Resource selection can be influenced by a number of factors, including population density, 
competition with other species, natural selection, heredity, predation, habitat patch size and 
inter-patch distances (Manly et al., 2002). In this study pāteke have been shown to prefer 
pond habitats, but are most commonly found in paddocks (Chapter 2). However, neither of 
these habitat features are selected for uniformly, and some ponds at Mimiwhangata have no 
recorded use by pāteke. Waterfowl species have been found to be selective about pond use 
based on isolation, size, and location (Sebastián-González and Green, 2014, Joyner, 1980). 
Identification of the features, temporal and spatial, that influence perception of the pond’s 
value to pāteke would enable conservation managers to better focus pond restoration efforts 
for maximum benefit to the species. 
 
The models used in Chapter two also identified paddocks as the most common place for 
pāteke to occur. Given the apparent value of this habitat type to pāteke, it is important to 
identify those variables that influence the use of the area by pāteke, and to identify the effects 
of farming practices. Based on previous literature (B.T.C.T., 2009, Fraser and Beauchamp, 
2009, O'Connor et al., 2007, Weller, 1974, Dumbell et al., 1988), I predicted that paddocks will 
be of highest use immediately after rainfall or cattle presence, because locating food sources 
will be easier for pāteke when invertebrates emerge after rainfall, or cattle disturb the soil. I 
also predicted that ponds with overhead canopy and overhanging riparian vegetation will be 
the most selected as a result of predator avoidance strategies that would have evolved in 
response to pre-human settlement aerial predators. In this chapter I will investigate the 
discrete temporal and spatial habitat variables that may be influencing the selection of the 






Trapping and tagging of birds is described in Chapter two.  Environmental variables that may 
influence habitat selection for the pāteke and habitat surveys were recorded by a DOC ranger 
and me at Mimiwhangata. The variables recorded were: Presence of livestock, farm activities 
outside of usual day-to-day running (e.g. new road built, new drain, tree-felling), changes to 
the physical habitat, presence of other bird species, presence of pests/potential competitors, 
pest trapping, DOC activities (e.g. 1080 operations), and unusual weather events. A map of all 
Mimiwhangata ponds was distributed to DOC field staff to ensure all ponds were identified 
and correctly labelled, and that any modifications to the sites had been correctly identified. 
 
Rainfall data were collected by Department of Conservation rangers using a weather-station 
on site. Any gaps in rainfall data were filled by using online data from 
http://www.nrc.govt.nz/Environment/River-and-rainfall-data/River-and-Rainfall-Data/Oakura 
Bay.  Elevation was measured by both modelling in ArcGIS 10 and from the altitude recorded 
on the GPS unit (see Chapter 2). The modelled elevation was measured to the closest 20m and 
identified for each location point by using the ArcGIS intercept tool. 
 
To determine if any variables influenced the use of each of the habitat types, multinomial 
analysis using SPSS 23 software was used.  Correlated variables were identified using the SPSS 
multivariate analysis to identify significant relationships between paired variables, and then 
correlation analysis was used to identify and remove significantly correlated variables. Sandy 
beaches were also removed as there was only one presence point for this habitat feature. For 
the first regression, ‘road’ was used as the habitat type reference category. The critical value 
was set at p=0.05. The variables included were: grazed, altitude, rainfall, canopy cover (%), 
distance to wet areas, distance to buildings, distance to paddocks, distance to forest and 
distance to ponds. Distances were measured in ArcGIS. Percentages were grouped (0, 1-25%, 
26-50%, 51-75%, 75+ and 100%) and estimated visually on site for each individual habitat 
feature. 
  
Resource selection by animals is usually detected and measured by comparing any two of 
three possible sets of used, unused, and available resource units (Manly et al 2002). As there 
was confirmed presence / absence data for the study birds on ponds, this method was used 
with multiple binary regression in SPSS 22 to identify significant features that influenced the 
use of a pond. For the analysis of pond use by the population it was not possible to confirm 
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that ponds were ‘unused’ (Boyce et al 2002), therefore these models were run as used vs. 
available. The variables compared were presence/absence of cattle (fenced or non-fenced), 
distance to other ponds, distance to forest, distance to buildings, percentage of exposed bank, 
percentage of overhanging vegetation, percentage canopy cover, presence of undercut banks 
and pond size. Partially-fenced ponds, or ponds with occasional cow entry were considered 
‘not fenced’ for this study, as cattle are never constantly present in any of the areas. The 
analysis was repeated excluding known flock sites from the pond dataset, as the ponds 
selected for roosting may have different preferred characteristics (i.e. size) than flock sites. 
Percentages for canopy, overhanging vegetation, and exposed banks were grouped as 0, 1-
25%, 26-50%, 51-75%, 75+ and 100%. All other variables were actual measurements. 
 
The variables influencing paddock included temporal data, therefore linear regression was 
used in SPSS 22 to identify variables that may influence the use of paddocks. Cattle presence 
data was provided by the Mimiwhangata farmer and compared with observations in the field. 





Correlations in the distance between specific habitat features and pāteke use were identified 
at Mimiwhangata (Table 2). Pāteke were significantly more likely to select paddocks within 25-
50m of a pond. Paddocks with wet areas between 50m and 100m away had a slightly 
increased chance of pāteke presence. The probability of pāteke selecting ponds was only 
slightly significantly correlated to distance to another wet area, 15-50m away. Streams or un-
grazed planted areas were more likely to be selected by pāteke if there was a pond within 
20m. Use of wetlands was correlated only to distance to other wet areas and buildings, with a 
very slight increase in occurrence for either variable. Buildings were correlated with increased 
probability of occurrence for trees, although not pāteke were recorded within 10m of a 
building. Native forest and ephemeral areas were not found to have any correlations between 
distance to other features and pāteke presence. Neither elevation or grazing was found to be 
correlated with pāteke selection of individual habitat features. 
 
Table 2 The variables which significantly influenced each of the Mimiwhangata habitat types that were 
used by pāteke. 
 
Habitat type Influencing 
variable 
Sig. Habitat type Influencing variable Sig. 
Paddock Distance to wet 
areas (50-100m) 
0.026 Trees Building (10-50m) 0.031 




Distance to ponds 
10 -20m 
0.006 
Ponds Wet areas (15-
50m) 
0.048 Wetland Distance to wet 
areas (15-50m) 
0.037 
Stream Distance to ponds 
(10- 20m) 





Temporal and spatial variables influencing the probability of ponds being selected by pāteke  
The following section is divided into sub-sections, ‘study birds only’ and ‘whole population’ 
using all available ponds, and then ‘study birds and whole population using only ponds that 
are not utilised as flock sites. The measured variables were pond size, fencing/cattle access, 
proportion of exposed banks, proportion of pond with overhanging vegetation, amount of 
canopy cover, presence of undercut banks, distance to paddock, distance to forest, and use of 
pond as a flock site. There were no significant correlations between any of the groupings 
(study pāteke/only GPS tagged birds, non-study pāteke/inclusive of the whole population, 
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flocking ponds and non-flocking ponds) and pond size (p=0.227 – 0.835), amount of canopy 
cover (p=0.436 – 1.00), presence of undercut banks (p=0.277 – 0.436), distance to either 
paddocks (p=0.436 - 1.00) or forest (p=0.745 – 1.00).  Although there was a trend for a 
preference for fenced ponds, this was also non-significant (p=0.056 - 0.072). Significant, or 
interesting correlations are detailed in the following sections. 
Study pāteke only, all ponds 
There were 41 ponds identified and surveyed for this study. Fencing, or cattle exclusion, had 
no influence on the presence of study birds with 17 fenced areas having study birds present 
and 19 unfenced having birds present. There was a significant relationship between bird 
presence and the level of exposed banks (p=0.012) with 72% of used ponds having at least 
50% of their banks vegetated, and 38% of ponds used by study birds having no exposed banks 
at all. No ponds with 100% exposed banks were selected by study birds (n=15) (Figure 16).  
 




















U se d U n u se d
 
Figure 16 Shows the number of ponds that are used or unused by Mimiwhangata pāteke and the 
proportion of exposed bank for each. 
 
When removing flock sites and including only ponds used for foraging or roosting (n=35 
ponds), there was a slight trend towards non-fenced ponds (p=0.056) (Figure 17). Exposed 
banks (p=0.005) (Figure 18) and the presence of overhanging vegetation (p=0.037) (Figure 19) 
were the only environmental variables that had a statistically significant correlation to pāteke 
presence. The preference was for no exposed banks (47% used ponds) with increased 


























U s e d U n u s e d
 
Figure 17 the number of fenced or unfence ponds that are used or unused by Mimiwhangata pāteke. 
 



















U s e d U n u s e d
 
Figure 18 the number of ponds that are used or unused by Mimiwhangata pāteke and the proportion of 
exposed bank for each. 



















U s e d U n u s e d
 
Figure 19 the number of ponds that are used or unused by Mimiwhangata pāteke and the proportion of 




Mimiwhangata pāteke population, all ponds 
There were 26 ponds where use data for any bird (study or non-study) were recorded. Of 
these, only two were confirmed not to have any birds present. These were both small ponds 
(155m2 and 312m2), unfenced, with 100% exposed banks and no canopy, situated in paddocks 
and over 1000m from the nearest forest. There was a strong correlation between use and 
exposed banks (p=0.004) (Figure 20), and between use and overhanging vegetation (p=0.027) 
(Figure 21), with exposed banks being selected against and overhanging vegetation being 
selected for. There was a slight non-significant trend towards unfenced ponds (cattle 
excluded) (p=0.072) (Figure 22).  
 



















U s e d A v a ila b le
 
Figure 20 the number of ponds that are used or available by Mimiwhangata pāteke and the proportion 
of exposed banks at each. 
 



















U s e d A v a ila b le
 
Figure 21 the number of ponds that are used or available by Mimiwhangata pāteke and the proportion 


























U s e d U n u s e d
 
Figure 22 the number of fenced or unfence ponds that are used or unused by Mimiwhangata pāteke.  
 
 



















U s e d A v a ila b le
 
Figure 23 the number of ponds that are used or available by Mimiwhangata pāteke and the distance to 
the nearest paddock. 
 
Mimiwhangata pāteke population, non-flocking ponds 
When flock sites were removed from the analysis, a slight, non-significant preference for non-
fenced ponds was found (p=0.056) (Figure 24).  The proportion of exposed banks was found to 
be significantly correlated to selection by pāteke (p=0.006) (Figure 25), with birds showing a 
preference for vegetated banks, 50% of used ponds had full vegetation cover with no exposed 
banks (n=18), and 72% of used ponds had less than 50% exposed banks. Only two ponds (of 13 
available) with 100% exposed banks were recorded as ‘used’ by pāteke. The amount of 
overhanging vegetation influenced use (p=0.028) (Figure 26), with the presence of 
overhanging vegetation being highly significant and selected for (p=0.002). Of 18 recorded 
presences, eleven were on ponds with over 75% overhanging vegetation. Eight of the used 


























U s e d U n u s e d
 
Figure 24 the number of fenced or unfence non-flocking ponds that are used or unused by 
Mimiwhangata pāteke.  
 



















U s e d A v a ila b le
 
Figure 25 the number of non-flocking ponds that are used or available by Mimiwhangata pāteke and the 
proportion of exposed banks at each. 
 



















U s e d A v a ila b le
 
Figure 26 the number of non-flocking ponds that are used or available by Mimiwhangata pāteke and the 




Temporal and spatial variables influencing the probability of paddocks being selected by 
pāteke 
Paddock was the most frequently used habitat type (Map 11, Chapter 2). Cattle were present 
at the time of the pāteke presence in 17% of occurrences, with 83% of pāteke locations in 
paddocks without cattle.  There was a significant preference for paddocks with cattle, or 
paddocks that had recently contained cattle (p=0.0378). To correct for any coincidental 
patterns of co-occurrence of pāteke and cattle, the regression was run without the cattle-
present data, and the association remained significant (p=0.009). When categorising the data 
into number of weeks post cattle presence, the preference was more pronounced with 
increased use of areas with more recent cattle presence (p=0.0001). There was significantly 
greater use of lower elevation paddocks (p=<0.001), with 75.5% of locations being below 20m, 
and only 4% being above 40m. Distance to wet area was significant with areas being less than 
20m from a wet area being the most used (p=<0.001). 








































































Figure 30 Elevation (m) of paddocks used by Mimiwhangata pāteke. 
  




















Pond and paddock were the two most important habitat types for pāteke at Mimiwhangata. 
Pond was the habitat most likely to be selected when available, and paddock was the habitat 
type with the most recorded pāteke occurrences. However, neither of these habitat features 
were selected for uniformly across variations in fine-scale habitat features such as vegetation 
cover, or temporal variations in the habitat features such as cattle presence. Ponds were more 
likely to be selected if they have at least 50% of their banks vegetated with overhanging cover, 
and paddocks are used more by pāteke immediately following cattle presence, and if in close 
proximity to any of the wet areas/habitat features (i.e. wetlands, boggy sections of paddock 
and ephemeral streams). Presence or absence of cattle did not predict pāteke presence at 
ponds. 
 
Pond size has been identified as the most important variable influencing pond selection by 
waterfowl (Sebastián-González and Green, 2014, Lokemoen, 1973, Hudson, 1983, Mack and 
Flake, 1980, Rumble and Flake, 1983). However, for pāteke there was only a trend towards 
use of larger ponds, with no significant relationship between size and use. Distance from the 
pond to a paddock did not influence the use of ponds, but ponds with paddocks within 1m 
were the most commonly used (55%). This was probably because this is the most common 
pond positioning, with the majority of unused ponds also being within 1m of paddocks. The 
correlation between pond use and proximity of wet areas may be because these areas provide 
additional foraging areas, but given the patchy nature of the landscape it would be unlikely for 
many ponds to not have a wet area within 50m. Areas of paddock with nearby wet areas 
(including ponds) were more likely to be selected by pāteke. Pāteke are known to roost on 
ponds, and paddocks and wet areas (Fraser and Beauchamp, 2009). Thus, the preference of 
paddocks near ponds that are in close proximity to these areas is probably because it allows 
pāteke to have a roosting and foraging area with minimal travelling, and therefore minimal 
energy expenditure. Additionally, paddocks with wet areas probably provide higher quality 
foraging habitat than dry paddock areas.  It may be valuable to extend this study by further 
separating the types and sizes of the wet areas associated with each of these key habitat 
types, and including patchiness in a Maxent model of the habitat features and pāteke use 
(Guisan and Zimmerman, 2000). Additionally, the seasonal variation in availability and 
subsequent change in area use by pāteke was not able to be addressed in this study because 
of the tag failures reducing the sampling size. It may also be of value to determine if seasonal 




Proportion of exposed bank, or amount of overhanging vegetation cover, was the only 
significant fine-scale variable influencing the use of ponds by pāteke. The slight trend for 
fenced ponds to be selected for may be due to the vegetation cover, as the unfenced ponds 
that were not used had little or no vegetation cover. This correlation supports the hypothesis 
that pāteke habitat selection is still influenced by their evolutionary history with aerial 
predators (Barker and Williams, 2002), as seeking refuge near banks is an ineffective predator 
avoidance response with New Zealand’s modern mammalian predators. 
 
‘Isolation’ of ponds (more than 0.5km from the nearest pond ) is generally considered 
detrimental to the likely occurrence of birds (Sebastián-González and Green, 2014). The only 
broad-scale habitat feature that influenced the use of ponds by pāteke during this study was 
the proximity of other wet areas, with close proximity being selected for. However, this was 
inclusive of wetlands and ponds. Sebastián-González and Green (2014) carried out a study on 
a smaller scale and found pairs of waterfowl (mallards) preferred isolated areas, proposing 
that this was due both to isolation being relative to size of study site and density of ponds, and 
the upland terrestrial vegetation being suitable for nesting. It may be that the preference for 
close proximity between ponds in this study is a result of the high density of ponds in the area, 
or that the wetlands and other wet areas which are used for foraging are the selected for 
features.  Separating the ponds and wet areas to better evaluate proximity to wet foraging 
areas or other ponds may be valuable. It could also be important to identify ideal nesting 
habitat and consider availability and proximity of nesting habitat to ponds, particularly for 
consideration when looking to establish new pond areas in farmland. 
 
Pāteke appear to prefer paddocks either with cattle present, or cattle recently present. This 
supports Watts et al. (2016) concerns on lack of grazing at Okiwi sites, and possibly Fraser’s 
(2005) observations of increased foraging in grazed wetlands. The increased presence may be 
due to grass length facilitating pāteke movement (Watts et al., 2016), pāteke foraging on 
invertebrates associated with cattle faeces (B.T.C.T., 2009), cattle disturbing the area by 
churning the ground and causing pooling making foraging for terrestrial invertebrates easier, 
or a combination of factors. There was extremely high use of a paddock at Mimiwhangata in 
the few days following a non-routine activity (quad bike training), which would both disturb 
the soil and reduce the grass length, so although anecdotal, this observation does support the 




There was no significant correlation between paddock use and rainfall. However, paddocks 
are used as a ‘corridor’ to move from place to place, so it is possible that some of the paddock 
data presence points were collected when the paddocks were being used for travel, not 
foraging. A study of the amount of time spent in the paddocks with various rainfall, and not 
just presence points, may clarify this.  Paddock elevation was found to correlate with 
variations in use. This is most likely due to disproportionate amounts of habitat types in the 
different elevations, including more wet areas at lower elevations, as pāteke are more likely to 




Section One: Habitat Selection of Pāteke from Okiwi and 
Mimiwhangata  
Discussion 
The models presented in Chapter Two identify that ponds are the preferred habitat for 
pāteke, while paddocks are their more commonly used habitat type. Additionally, pāteke 
showed strong preference not only for ponds, but for other habitat features near ponds. 
Pāteke prefer to be within 50m of a pond when in a paddock or a stream. This is possibly 
indicative of the patchiness of the field site. Pāteke were found to prefer recently grazed 
paddocks near wet areas. There was a slight trend for a preference for fenced ponds, but this 
is possibly because fenced ponds have more vegetation. Presence of cattle alone does not 
appear to influence the attractiveness of a pond habitat for the pāteke, however the amount 
of exposed bank and overhanging vegetation has a strong positive correlation with pāteke 
use, also observed previously by Barker and Williams (2002), and in mallards by Joyner (1980). 
Therefore, the presence of cattle may not be an issue for pāteke use, but the impact of cattle 
on the habitat vegetation might be. Based on these findings I suggest that ponds intended for 
pāteke have at least a 50% cattle exclusion area to allow vegetation levels to be above 50% of 
the pond’s circumference. When establishing new ponds I recommend that both nesting and 
foraging habitat be considered, as well consideration given to the time required for food 
sources to establish before introducing pāteke. Comparing adults and juveniles was difficult as 
most juveniles were still within their family groups during the study period. The birds were 
tagged while still in family groups, then did not disperse before GPS tags failed. 
 
The models presented in Chapter two predicted that pāteke are less likely to use areas which 
are predominantly pond, or large ponds, whereas the model presented in Chapter three found 
no difference in probability of use between large or small ponds. This is due to the sampling 
technique where Chapter three shows a presence vs absence/available model for the ponds 
and Chapter two considers the habitat features within a specific area. This suggests that large 
ponds are being used by pāteke, however they are preferring areas closer to banks over large 
areas of open water. The Maxent models in Chapter two predicted a variation in pond use by 
pāteke which was influenced by the proportion of pond within a set area (30m). These models 
predicted a decreasing probability of use with increasing amount of pond in the area, 
suggesting less use of large open pond areas.  This may be because the larger ponds are less 
selected for, or that the number of birds on a pond does not increase with the size of the 
pond. Therefore, a larger pond may appear less used because sampled sections of the pond 
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had no pāteke presence points recorded, even though there may have been resident pāteke 
elsewhere on the waterbody.  There is also the possibility that different sized ponds have 
different levels of food abundance, with presence of food sources being potentially influenced 
by pond size, depth or isolation (Sebastián-González and Green, 2014). Different bird species 
have been found to have different depth preferences even within foraging guilds due to the 
availability of food sources (Kreakie et al., 2012, Sebastián-González and Green, 2014). 
 
Another possible cause of ponds not being used is the age of the pond. Newer, or more 
isolated ponds may not have yet been colonised by food sources (Frisch et al., 2012), thus 
influencing the relative importance of the habitat feature to pāteke. Age of pond in heavily 
modified landscapes may be important to consider in future studies or when manipulating 
habitats to create more ponds. Future studies should also include pond depth/area (Kreakie et 
al., 2012), as this influences the productivity of the pond (temperature and nutrient 
enrichment), as well as potentially influencing the foraging strategies utilised in the area. 
 
The impact of cattle on pāteke is important to understand, because although Dumbell (1987) 
showed that nearby grazed pasture was an important feature for pāteke roosting sites, and 
feeding habitat was short pasture that was often wet and close to bird roost sites, as 
supported in this study, cattle have been observed to have a detrimental impact on pāteke in 
some situations.  McKenzie (1971) noted that the initial decline of pāteke pairs at Tutaematai 
occurred solely in heavily grazed sites, with breeding sites remaining in areas where stock did 
not have ready access and riparian cover remained intact. Although this occurred during 
drought while cattle were attempting to get access to water, and is not a regular occurrence, 
it highlights the importance of careful management of stock in pāteke areas. It also further 
supports the suggestion of stock exclusion areas around pāteke habitat despite the preference 
for grazed paddock, and possibly wetland, areas. Although this study focused on paddocks and 
pond areas, it would be expected that the same requirement for overhanging vegetation be 
present in streams where pāteke are present. This is supported by findings of pāteke numbers 
declining after the removal of riparian margins (Parrish and Williams, 2001). Therefore, the 
exclusion of cattle from at least half a pond to allow for vegetation cover may increase pāteke 
use. The use of islands and rafts in ponds to provide predator avoidance areas may be of 




This study utilised habitat suitability models, which quantify the likelihood of habitat use, as 
opposed to ecological niche modelling that relates environmental variables to fitness (Hirzel 
and Le Lay, 2008). Although this is essential to determine which habitats the pāteke are 
utilising and which variables influence their choices, use is not always indicative of habitat 
quality (Jones, 2001). It is generally assumed that non-random distribution patterns result 
from ‘adaptive habitat selection’ (Southwood 1977, Clark and Shutler 1999). Adaptive habitat 
selection is occurring if habitat preference coincides with high quality habitat, or avoidance 
coincides with low quality habitat (Patten and Kelly 2010). However, individuals may be 
restricted by what is available or by other individuals (competitors, predators or con-specifics), 
already in the desired habitat. If adaptive selection is occurring, fitness should be higher in the 
preferred habitats (Garshelis, 2000, Allderidge et al., 1998), and habitat quality can be defined 
as the expected fitness of organisms occupying the habitat (Kristan 2003). Garshelis (2000) 
propose that the best measure of habitat quality would be a test of its effects on demographic 
parameters such as population growth and carrying capacity. Although some clear habitat 
preferences were identified in this study, both in coarse and fine-scale models, and variation 
in habitat use between individuals was observed, the drivers of these choices are not clear. In 
order to fully understand the process of pāteke habitat selection, further study with 
demonstrations of choice and the consequences on fitness associated with that choice need 
to be undertaken (Jones, 2001). Monitoring the fitness of individual pāteke utilising different 
habitats, i.e. those roosting in forest vs. those on ponds may help determine the cause of 
these preferences, and determine if they are still biologically relevant, or are the result of an 
ecological trap. This information would then better allow us to manipulate the environment to 
create habitats which are not just preferred by pāteke, but may increase fitness or the 
chances of survival. In Chapter seven I will compare the habitat use of pāteke to survival in a 
preliminary exploration of the links between these habitat selections and survival. 
 
Pāteke alter their habitat use with the wetter and drier seasons (MacKenzie and Fletcher 
unpublished, Dumbell 1987, Williams 2001, Fraser 2005), presumably in response to the 
change in environment accompanied by dry spells.  For example, Fraser (2005) found that 
during drier months pāteke were most commonly found in wetlands during the night, but 
during the wetter months, and especially when the adults had ducklings in attendance, birds 
were seen at night in grazed pasture (17%), up to 150 m away from the wetlands or 
waterways. It was intended that the samples in this study be analysed based on season and 
time of day to identify any shift in habitat use for temporal reasons, e.g. loss of ephemeral 
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areas. The smaller than expected sample size of pāteke locations made it necessary to pool all 
data. Modelling the data based on both season and time of day would allow for at least a 
preliminary investigation into the temporal-spatial shift in resource selection for pāteke. 
 
Remote sensing, while a highly valuable tool, comes with some inherent inaccuracies. In the 
case of this study the GPS units were likely unable to collect location data in specific locations, 
however without the validation studies this could not be confirmed. Steep terrain and bush 
cover can interfere with satellite signals and create bias in that used habitat can be left out 
(Nielson and Sawyer, 2013), resulting in an under representation of forest use. Additionally, 
mapping from aerial images means the habitats, such as streams, in these environments are 
not clearly identified or modelled because they are obscured by canopy cover. The 
development of technology such as Airborne Laser Scanning (ALS) technology, also called light 
detection and ranging (LiDAR), could be used to obtain more accurate digital elevation and 
terrain models, with a larger spatial resolution. These Digital Surface Models (DSM) would 
allow for more detailed remote sensing analysis, increasing both the speed and accuracy of 
spatial data (Sillero and Gonçalves-Seco, 2014). 
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Section Two: Diet of pāteke at Okiwi and Mimiwhangata 
 
Identification and comparison of the diets of the two individual pāteke 
populations, and any potential impacts on the populations that 





This section of the thesis contains three data chapters in which I have explored pāteke diet. In 
these chapters I have explored the diets of pāteke from each of the two study locations, 
Mimiwhangata and Okiwi (see Chapter 1) to identify variation in dietary niche at inter- or 
intra-population levels. The within-population groupings are by sex, age, and body mass of the 
birds. The aim of this section is to identify the diet of the pāteke and determine if the 
starvation observed in the Okiwi pāteke juveniles is likely due to food limitation, or a 
difference in diet between age groups and populations. 
 
The concept of species niche describes the multi-dimensional space of resources available to, 
and used by, a species (Hutchinson, 1957). In recent years, it has become clear that there 
might be considerable variation within the niche of a species, at both the population and 
individual levels (Murray and Wolf, 2013, Yurkowski et al., 2016). This variation is often the 
difference between individuals being generalist or specialist foragers within their population’s 
overall foraging niche. This inter-individual variation can be in response to the differing 
requirements at each age class or sex, however, even individuals of the same age and sex can 
show different levels of resource specialisation which might relate to individual ecological 
opportunity (Murray and Wolf, 2013). 
 
Juvenile pāteke from Okiwi are experiencing unprecedented starvation rates (Watts et al., 
2016). These starvation rates are not observed in any other pāteke population and are 
affecting the stability and growth of the Okiwi pāteke population (Watts et al., 2016). It is 
unclear if this is due to a difference in realised foraging niche between the populations or age 
groups, or if it is caused by limited food availability, or even a combination of the two. 
Difference in ecological opportunity and habitat quality is one of the factors known to 
influence the level of dietary specialization between populations (Smith et al., 2013), however 
starvation through food limitation is widely recorded in waterfowl (Suter and Van Eerden, 
1992, Trautman et al., 1939, Jordan, 1953). 
 
The factors affecting the growth and limitation of wildlife populations have been extensively 
explored (Sibly and Hone, 2002, Lacy et al., 2013, Lack, 1970). Food limitation is often 
expressed as the secondary effect of factors such as weather events (Stout and Conwell, 
1976), climate (Hone and Clutton-Brock, 2007), or habitat degradation (Haramis et al., 2001). 
It is a determinant of population growth for a range of species including birds (Amar et al., 
70 
 
2003), mammals (Lloyd et al., 2013), and invertebrates (Abbott and Dwyer, 2007). The primary 
individual outcome of food limitation is death by starvation, however secondary fatal 
outcomes include hypothermia (Stout and Conwell, 1976) and increased predation due to 
extended foraging time (McNamara, 1987). Waterfowl are highly susceptible to starvation 
(Trautman et al., 1939, Stout and Conwell, 1976, Boyd, 1964, Suter and Van Eerden, 1992, 
Reinecke et al., 1982). The  consequences of starvation on waterfowl populations range in 
severity from smaller, population-based events, which can be avoided with supplementary 
feeding (e.g. canvasbacks (Aythya valisineria) (Haramis et al., 2001)), through to mass 
starvations, such as in Switzerland and the Netherlands affecting over 20,000 birds (Suter and 
Van Eerden, 1992). 
 
One major cause of food limitation for waterfowl species is extreme weather events (Boyd, 
1964, Suter and Van Eerden, 1992). For waterfowl in northern latitudes food is often either 
depleted or unavailable in harsh weather conditions. Under such conditions, many individuals 
have the ability to react quickly to changes in food availability by moving to more favourable 
areas (Suter and Van Eerden, 1992). However, non-migratory species, such as the pāteke, do 
not have the option of migrating.  This inability to respond to changes in food supply can leave 
entire populations vulnerable in the event of sudden weather events. Therefore, identification 
of necessary food sources, and potential vulnerabilities to shortages, is essential for effective 
management of non-migratory species. 
 
Pāteke starvation at Great Barrier Island . 
Great Barrier Island and Eastern Northland each contain significant populations of pāteke, 
however, while both areas are considered key ‘strongholds’ for the species, survival rates 
within the two differ (see Chapter 1). This difference is principally due to alarmingly high 
losses of juveniles to starvation at Great Barrier, accounting for 16-20% of monitored pāteke 
deaths, and second only to predation (51%) as a cause of mortality (Watts et al., 2016). 
Starvation at Great Barrier was first suggested as a possible cause of duckling decline in 2002 
by Barker and Williams (2002), and was later confirmed by Moore and Battley (2003) after 
being observed in both wild and captive-reared released birds. However, starvation has not 
been recorded as a major cause of mortality in the Mimiwhangata pāteke, nor any other 
pāteke populations. 
 
The primary cause of juvenile pāteke starvation is unknown (O'Connor et al., 2007). Although 
pāteke are classified as a dabbling duck they are versatile foragers, combining non-visual 
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dabbling with visual foraging to include over 78 taxa in the species diet (Moore et al 2006).  
Their known diet is extensive, ranging from dabbling aquatic vegetation, to terrestrial insects 
and seeds, through to some individuals being able to open and feed on cockles (Moore and 
Battley, 2003).  Moore and Battley (2003) suggest that feeding difficulties experienced by 
pāteke would be unlikely to be due to a lack of any specific food type, but that given the 
restricted habitats that pāteke now occupy, any changes in food supply would affect a wide 
range of potential prey simultaneously. Watts et al. (2016) proposed that food limitations at 
critical periods of growth, could be a possible cause of starvation, with birds at Great Barrier 
being on average 53g lighter than their conspecifics in Northland. If Moore and Battley (2003) 
and Watts et al. (2016) are correct, then weather events, such as the extremely low 2013 
rainfall at Great Barrier, could be expected to have had catastrophic effects on the juvenile 
pāteke at Okiwi. While starvation in waterfowl species overseas can follow extremely cold 
periods due to food restriction (Suter and Van Eerden, 1992, Stout and Conwell, 1976), in New 
Zealand it is prolonged dry, hot weather causing droughts that have a food-limiting effect, 
producing a potentially population-limiting stressor (Barker and Williams, 2002). 
 
Potential causes of pāteke starvation, aside from drought, could include juveniles being more 
cautious foragers due to perceived predation risk, and therefore spending less time in open 
paddocks where they are vulnerable to predation (McNamara, 1987). Selection of foraging 
sites might also be subject to a phenomenon referred to as ‘ecological traps’ or ‘perceptual 
traps’ (see Chapter 2 for description) (Schlaepfer et al., 2002b). These ‘traps’ occur when the 
environmental cues an animal uses to determine resource suitability are not accurately 
reflective of the true quality of that resource (Battin, 2004, Clark and Shutler, 1999, Schlaepfer 
et al., 2002a, Gilroy and Sutherland, 2007). This can occur when modification of the area 
changes the quality, but not the ‘appearance’ of the resource. If this is occurring in pāteke 
habitat it could cause pāteke to identify areas incorrectly as suitable foraging habitat, resulting 
in birds either selecting poor quality resources, or rejecting suitable areas they perceive to be 
poor quality (See Chapter 2 for further description). It is also a possibility that the relatively 
large pāteke population at Great Barrier Island is near carrying capacity (Barker and Williams, 
2002). Although the population was historically larger on the island (Barker and Williams, 
2002), recent land modification or climatic events could have altered the carrying capacity of 
the area by reducing the quality of the habitat (or appearing to), and possibly restricting food 




In any of these situations, nutritional stress could be exacerbated in young birds as a result of 
reduced feeding efficiency or poor prey selection through lack of foraging experience 
(Reinecke et al., 1982). Optimal foraging theory predicts that individuals should adopt the 
strategy that maximizes the net rate of energy intake (Petrides, 1975). This is based on food 
sources not being evenly distributed throughout an animal’s habitat, nor all potential sources 
being of equal value. Some foods might be abundant but less nutritious, or require more 
effort to attain and process. Therefore, animals need to make decisions about where to 
forage, what to forage on, and how much time to invest in foraging (Segal and Xiao, 2011). 
Inexperience could result in pāteke juveniles either making poor food choices, or being 
inefficient at accessing appropriate food items. Age-related nutritional stress has been 
observed in other waterfowl; for example, juvenile black ducks (Anas rubripes) have reduced 
body condition compared to adults (Reinecke et al., 1982). Juvenile pāteke may be further 
disadvantaged during periods of restricted resources by intra-specific competition. Adults are 
known to be extremely aggressive towards juveniles, evicting them from territories once it is 
time for independence (Williams, 2001). Competition for available resources might be forcing 
juveniles into less profitable habitats, contributing to starvation rates.  
 
Despite several published feeding studies and observations (Moore and Battley, 2003a, Moore 
et al., 2006, Weller, 1974, Willoughby, 2004, Fraser and Beauchamp, 2009), investigations into 
wing fat (Moore and Battley, 2003, Rickett et al., 2013), and a study on supplementary feeding 
(Rickett, 2010), understanding of pāteke diet and feeding behaviour is incomplete. This is due 
both to the limitations of conventional diet studies, such as observations and gut content 
analysis, and the behaviour of pāteke complicating data collection. The most extensive study 
was that by Moore et al. (2006). Six locations, including Great Barrier Island and Northland, 
were surveyed using a combination of methods including gut content, observations, and 
faecal analysis; they identified 78 taxa, revealing a diverse diet at the species level (Appendix 
1), but did not compare diet between populations nor within groups.  Pāteke provide an 
opportunity to explore the relationship between ecological opportunity and resource 
selection to determine (i) if there is difference in realised niche between two populations in 
functionally similar, but structurally differing habitats, or (ii) if the foraging strategy remains 
the same even under potentially less favourable conditions.  
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Section 2, Chapter 4: Variation in diet and body mass 
Are there any variations in diet and mass within, or between, two 
populations of a threatened species, the pāteke? 
Introduction 
In cryptic species, such as the pāteke, the collection of dietary information through 
conventional methods, (i.e. faecal samples or foraging observations) throughout their full 
range of habitats is often not possible. Faecal samples  can be difficult to obtain in many 
habitats, and can be incomplete with parts of some prey being regurgitated (Barrett et al., 
2007). Invasive or destructive sampling methods (e.g. gut content) are not appropriate for 
threatened species. Gut analysis is also dependent on the size of the sample within the gizzard 
at the time of death.  This can result in misrepresentation of prey types, and biased dietary 
estimates. Additionally, traditional methods tend to reflect ingested rather than assimilated 
items, resulting in biased dietary estimates due to differential digestion. As well as being only 
a partial representation of the consumed diet, traditional methods might also provide only a 
brief snapshot of an individual’s diet, and unless samples are collected over lengthy periods, 
they will not reflect longer-term diet. 
 
In contrast, stable isotopes, or Isotope Ratio Mass Spectrometry (IRMS), is a non-lethal 
method of sampling which reflects assimilated protein ingested and absorbed by measuring 
the isotopic signatures of tissue samples from the study animal and its food sources (Hobson 
and Clark, 1992a, Hobson and Clark, 1992b, DeNiro and Epstein, 1981, Fry, 2006). IRMS is a 
valuable tool, widely used in fields from ecology (Fry, 2006), to geology (Ingerson, 1953), and 
medicine (Schellekens et al., 2011). First applied in foraging studies in the 1970s (DeNiro and 
Epstein, 1978, Fry et al., 1978), IRMS has since been used in a wide range of taxa across a 
broad range of ecological applications, including migration (Smith and Dufty, 2005, Hahn et al., 
2013), diet (Fair et al., 2013, Williams et al., 2007, Flemming and van Heezik, 2014), exposure 
to pollutants (Braune et al., 2005),  and land-use changes (Hebert and Wassenaar, 2001). 
 
Stable isotope ratios integrate dietary information over temporal scales ranging from days to 
months (Bugoni et al., 2008, Hobson and Clark, 1992a), and spatial scales for migratory 
species (Hobson, 1999). Stable isotopes are determined at the time of tissue synthesis in 
consumers, and do not decay over time, so remain unaltered. Therefore, they have distinct 
values which are transferred from prey to predators in a predictable manner (Bugoni et al., 
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2008). This process, known as isotopic fractionation, leads to variation in isotopic signatures 
among organisms and across different trophic levels (Inger and Bearhop, 2008, Fry et al., 
1978). These differences can be measured using a mass spectrometer and used to make 
inferences about the diet of animals, such as comparing the ratios among individuals or 
groups to detect differences in diet. Variation in δ13C in animal tissues between individuals can 
be used to identify differential use of plant-based food chains, while variations in δ15N, which 
increases significantly in consumers compared to their diets, can indicate trophic position 
(Procházka et al., 2010). 
 
During the early development period of the technique, muscle and bone collagen were the 
preferred bird tissues for stable isotope studies (Bugoni et al., 2008). More recently, feathers 
and blood have become preferred as, unlike muscle and bone collagen, they can be sampled 
non-destructively and the same individual can be re-sampled (Bugoni et al., 2008). Thus, the 
technique is suitable for studies involving threatened species, such as the pāteke.  
 
In this chapter I explore the relationship between mass and the isotopic ratios of pāteke from 
each study site, and selected groupings from within the study sites. I attempt to determine if 
the two populations are using different foraging strategies, or if one is suffering from food 
restrictions by examining whether the observed starvation at Okiwi is likely due to 





To minimise bird handling and stress, samples of blood and feathers were collected at the 
time of attaching or removing GPS tags (see Chapter 2): 13th- 24th February, 18th - 23rd May, 
14th June, and 10th- 11th September 2012 at Okiwi, and 22nd – 28th June and 19th - 30th 
November 2012 at Mimiwhangata. Birds were caught using set nets, hand nets, and trained 
pāteke dogs, as described in Chapter two. Processing of birds was done as close to the original 
capture site as possible (usually within 10 m). All birds were handled for the minimum amount 
of time required to tag and take tissue samples, then released at their capture location. 
 
One feather was collected from each bird, as per permit conditions. The large body feathers 
next to the underneath tail covert feathers were collected with the exception of the February 
collection at Great Barrier Island, when samples were provided by DOC staff.  Clipping was 
selected over pulling as the more humane collection method. The feathers were clipped as 
close to the body as possible, but were not flush against the body to minimise risk of injury. 
Feathers were placed in separate zip-lock bags and labelled with individual bird identification 
information and collection date before transportation back to the University of Otago, 
Dunedin. 
 
Blood samples were collected by DOC-approved operators in accordance with the DOC 
Standard Operating Procedure. A 25-gauge syringe was used to collect 2.0 mL of blood from 
17 birds at Great Barrier Island on the 10th and 11th September 2012. All collected blood was 
immediately transferred into clean 5.0 mL tubes and labelled with bird identification 
information and collection date. Samples were then placed into individually labelled zip-lock 
bags, and placed in a thermos flask with ice for storage in the field. The blood samples were  
transferred to a freezer at the field station, with a maximum of four hours between collection 
and plalcement in the freezer. Frozen samples were transported to Dunedin in a styrofoam 
box packed with laboratory-grade frozen freezer bags, and then placed back into a freezer 
until processing. Freezing was selected as the method of preservation as, despite affecting the 
isotopic ratios of some small limnetic species, the effects are inconsistant and small relative to 
trophic fractination (Wolf et al., 2016), and there has been little to no identified effect on the 
tissue of larger organisims if frozen and stored for less than 30 days (Bugoni et al., 2008, 




Any study pāteke that died during the study were collected and transported to Massey 
University for a pathology report. This was to attempt to determine if any study birds died 
from starvation. 
 
Different feather types grow at different times, potentially providing isotopic information for 
varying time periods (Fair et al., 2013). Therefore, it is essential to be consistent in the type of 
feather used throughout a study. Primary and body feathers are the most commonly used for 
stable isotope analysis in birds (Larson et al., 2013). However, due to concerns of potentially 
impeding flight ability, and thus leaving the individuals vulnerable to predation, flight feathers 
were not considered as an option for pāteke sampling. Additionally, I was permitted to 
remove only one feather per bird, per sampling period, necessitating a feather large enough 
for repeated IRMS samples. Therefore, non-flight-essential feathers above the underneath tail 
covert feathers were selected. 
 
A single pāteke feather was analysed at the University of Otago Isotope Ratio Mass 
Spectrometry (IRMS) laboratory to determine the percentage of nitrogen (N) and hence the 
quantity of feather necessary for stable isotope analysis. The N for the feather sampled was 
14.2% indicating that 0.8 mg of feather would be required for analyses. 
 
Samples of food sources used in this study were sufficiently large to be considered 
representative of the whole, so multiple sub-samples were not required (R. Van Hale 2004 
pers. Comm.). Frozen samples were stored for a maximum of three weeks to avoid 
preservation-method effects on isotopic ratios which might occur after 30 days (Barrow et al., 
2008). All tissues were dried before combustion to reduce the water vapour generated during 
combustion and to achieve greater accuracy. Tissues were then cut or ground into 
homogenous samples which were then measured into 5 x 3.5mm tin cups. The weight of each 
sample was recorded in mg to three decimal places. Samples were then passed on to the IRMS 
laboratory technician to be placed in the mass spectrometer. Preparation techniques and 
measurements for individual sample types are described below. 
 
Feathers were individually rinsed in a 2:1 chloroform/methanol solution. Each feather was 
rinsed three times using different beakers for each rinse. Matter that could not be removed 
through rinsing alone was loosened by placing in the solution on a sonic vibration machine, 
then removed with a small paint brush. Feathers were then placed in vials in a dust-free 
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environment and left to dry for a minimum of 24 hours. Once dry, each feather was cut into 
small pieces to obtain homogenous samples, using stainless steel scissors cleaned in ethanol. 
Samples of 0.8 ± 0.15mg were measured into tin caps. This was carried out in triplicate for the 
initial series, then doubles as the samples were found to be consistent. Frozen blood samples 
were dried in a drying oven at 60OC for 24-30 hours. Each sample was then ground to a 
homogenous powder in a mortar and pestle cleaned with ethanol between each sample. The 
powder was measured into 0.8 ± 0.15mg samples and placed into tin caps as described for the 
feather samples. Blood samples were processed in triplicates. Frozen prey items were cleaned 
with a paint brush, then dried in the drying oven at 60 degrees for 24-30 hours. Each sample 
was then ground or chopped, depending on texture, into a homogenous powder. Samples 
were weighed into the tin cap, 2 mg ± 0.15 mg for plants and 0.8 ±0.15 mg for animals (R. Van 
Hale Pers. Comm. 16/8/2012), and processed as described above. 
 
The samples, inclusive of the tin capsules, were combusted to N2 and CO2 gas in a Carlo Erba 
NC2500 elemental analyser (CE Instruments, Milan), using helium carrier gas, enriched with 
oxygen. The gases are separated on a packed molecular sieve GC column and sent sequentially 
to the inlet of a Europa Scientific “20/20 Hydra” (Europa Scientific, UK) isotope ratio mass 
spectrometer (IRMS), in continuous flow mode. Raw isotope ratios were normalised to the 
international scale using IAEA (International Atomic Energy Agency) reference materials and 
assayed with the unknown samples. The standards used were USGS-40 and USGS-41. The 
given delta values of these standards are as follows: 
 δ15N   δ13C 
USGS-40 -4.52 -26.24 
USGS-41 47.57 37.76 
 
A laboratory standard that has been calibrated against IAEA reference materials was used as a 
control material EDTA (Elemental Microanalysis Ltd, UK) with δ15N = -0.73‰ and δ13C = -
38.52‰. Instrumental drift corrections (when applied) were calculated from regression of the 
control material against time. The typical precision for analysis of control materials is ± 0.2‰ 
for δ15N and ± 0.1‰ for δ13C (R Van Hale 2013 Pers. Comm.). 
 
Stable N and C isotope ratios were expressed in delta notation as the deviation from standards 
in parts per thousand per the following equation: δX = [(Rsample/Rstandard) -1] x 1000  




Isotopic ratios are expressed in a ratio of the heavier (more rare) to the lighter (more 
common) isotope (i.e. 13C to 12C), compared with the ratio found in an international standard 
(Pee Dee Belemnite for carbon, atmospheric air for nitrogen) (Inger and Bearhop, 2008, Bond 
and Jones, 2009) and reported in the delta (δ) notation as parts per thousand ‰. 
 
Binary regression was used to test for differences in stable isotopes between sex, location, 
and age to compare between the two groupings (male/female, Mimiwhangata/Okiwi and 
adult/juvenile) within each variable. ANOVAS were used to compare δ15N and δ13C between 
populations, sex at species level, sex at population level, and age groups at each location. 
Multivariate tests were used for comparison of population and sampling period, population 
and sex, population and age, and area use, body mass and sex with C and N isotope values as 
dependent variables. Post hoc Tukey HSD was applied, as was the Games-Howell test when 
necessary due to small sample size (Games et al., 1981). Outliers were identified using the 
descriptive stats ‘outliers’ tool in SPSS 10. 
 
Diet-tissue discrimination (DX), also referred to as fractionation, describes the specific change 
of the isotopic composition of the chemical element X (in this study δ13C and δ15N), either 
enrichment or depletion, occurring between food source and tissue of the consumer (Hahn et 
al., 2012, Fry, 2006). To determine contributions of sources to diet it is necessary to factor out 
or normalise the effects of fractionation (Fry, 2006). In ecological studies this is achieved by 
identifying individual isotopic fractionation values and calculating dietary isotopic values 
according to the relationship Dt = Dd + Δdt where Dt is the isotopic concentration in the tissue, 
Dd is the isotopic concentration of the diet and Δdt is the isotopic fractionation factor between 
the diet and the tissue (Guisan and Zimmerman, 2000). 
 
The identification of an accurate DX is a fundamental feature in the application of a stable 
isotope model (Caut et al., 2008). The most accurate, and recommended, means of 
determining DX is through controlled feeding of known sources  until there has been complete 
tissue turnover, after which the change in the isotopic ratio is recorded (Bond and Jones, 
2009, Caut et al., 2009). However, experimental identification of the DX is not always an 
option. In studies involving threatened species, such as the pāteke, wild birds cannot be held 
for experimentation, and non-experimental values must be applied. Captive birds can have 
higher variability in their δ13C values than their wild counterparts (Guisan and Zimmerman, 
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2000) with DX possibly being different due to their differing metabolic rates, i.e. lower 
metabolic demands than birds that fly (Bearhop, 2002). Additionally, in the case of the pāteke, 
captive-reared birds have a digestive system differing in morphology to their wild 
counterparts (Moore and Battley, 2006). Therefore, any DX obtained through captive 
individuals might not be representative of the wild population. 
 
There is little consensus on preferred non-experimental method for determining isotope 
ratios (Caut et al., 2009, Caut et al., 2010, Perga and Grey, 2010), with the options including, 
use of published interspecific stepwise means (Minagawa and Wada, 1984), use of the values 
published for a similar species (Hobson et al., 2012, Fair et al., 2013), or calculating values 
using methods based on source ratios such as the ‘Diet-Dependent Discrimination Factor’ 
(Caut et al., 2010). For this study, published values from a similar species, the mallard (Anas 
platyrhynchos), were selected for use. The mallard is behaviourally and taxonomically similar 
to the pāteke.  Both species are omnivorous dabble-style feeders, and occupy similar wetland 
and pond habitats. Substituting values from a similar species is widely used when 
experimental DX values are not available (Hobson et al., 2012, Frair et al., 2010). Significant 
differences have been found in the discrimination values of bird species with different diets 
(Guisan and Niklaus E. Zimmermann, 2000, Hahn et al., 2012, Hobson and Clark, 1992b, 
Guisan and Zimmerman, 2000), however, when comparing waterfowl, Hahn et al. (2012) 
found no significant difference in the discrimination values of the different species, only in the 
tissues within species. 
 
Although there is little consensus on the best means of obtaining a non-experimental value, 
there is information on how additional inaccuracies can be minimised (Guisan and Niklaus E. 
Zimmermann, 2000, Hahn et al., 2012, Hobson and Clark, 1992b, Bearhop, 2002, DeNiro and 
Epstein, 1981, Guisan and Zimmerman, 2000). These measures include considering the study 
species, tissue examined and type of diet on the group as a whole, as well as influences on 
individuals such as nutritional state, diet quality, size and age (Caut et al., 2008, Minagawa and 
Wada, 1984). Within this study, I have attempted to address and mitigate as many of these 
potential inaccuracies as possible. 
 
Despite blood and feathers having similar δ13C and δ15N assimilation rates, (Bearhop, 2002), 
the DX values between the two tissues within an individual have consistently been found to 
vary significantly (Guisan and Niklaus E. Zimmermann, 2000, Hobson and Clark, 1992a, 
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Bearhop, 2002, Bugoni et al., 2008, Guisan and Zimmerman, 2000), therefore DX values are 
not transferrable across tissues, even when the tissues sampled are from the same individual. 
I have used different DX values for each tissue, selecting the values for the mallard back 
feather, C= 0.38, N = 4.89 for feathers and mallard blood C= -0.36 N= 3.6 (Hahn et al., 2012). 
These values were derived from mallards fed on a 50% grain, 50% chicken mash (Hahn et al., 
2012). 
 
To compare blood and feathers the variation in DX was corrected for by adding 0.7‰ to δ15N, 
and 1.3‰ to δ13C  values obtained through blood samples (Cherel et al., 2014). This correction 
value was not available for waterfowl, thus a value for seabirds was applied. Due to increased 
uncertainty concerning using values derived from seabirds analysis was carried out separately 
for each tissue type. The exception to this was comparing blood-derived values to those from 
feathers to observe diet changes over time. 
 
Body mass of the study birds were compared to data collected by DOC during pāteke 
monitoring at each site using unpaired t-tests with a significance value of p=0.05. There was 
overlap between this study and Mimiwhangata records which was not removed, however 
multiple recordings of the same individual from the DOC data were removed to avoid pseudo-




Thirty-seven feather samples were collected from 36 Okiwi pāteke, and 22 were collected 
from 16 Mimiwhangata pāteke over two sampling periods. Blood was collected from 18 Okiwi 
and two Mimiwhangata pāteke. Blood was not collected from more Mimiwhangata birds due 
to logistical difficulties. No deleterious impacts were identified from blood sampling during 
post-sampling monitoring of birds at Okiwi. Weights were measured for 39 Okiwi pāteke and 
49 Mimiwhangata pāteke ( 
Table 3). 
 
Comparison of weight between the two study populations 
The mean weight over both populations was 626.4g (SD 106.7g). The Mimiwhangata birds 
were significantly heavier than the Okiwi birds when compared by population (Mimiwhangata 
mean 685g, SD 91.4, Okiwi mean 552.5g, SD 73.8, p=<0.001) (Figure 31), and when separated 
into groups. Mimiwhangata adults averaged 116.38g heavier than Okiwi adults (p=<0.001), 
and Mimiwhangata juveniles averaged 62.5g heavier than their Okiwi conspecifics (p=0.131, 
Figure 32).  When comparing by sex, Mimiwhangata males were 91g heavier than Okiwi males 
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Figure 32 Weight (g) (mean, SD) of pāteke adults, juveniles, males and females from each population. 
 
Table 3 Weight (g) (mean, SD) of pāteke populations from Okiwi and Mimiwhangata. 
 
 
Comparison of body mass of birds using historic DOC and current data 
Body mass data were available for 637 individual pāteke from Okiwi collected from 1996 to 
2012, and 254 from Mimiwhangata, collected between 1996 and 2013. There was no 
significant difference in the mass of adults (p=0.22) or juveniles (p=0.29) (critical value P=0.05) 
from Okiwi between this study and the historic data (Figure 33a). Mimiwhangata adult pāteke 
monitored between 2006 and 2013 were on average lighter (60.2g) than pāteke from the 
current study (p=<0.0001). There was no significant difference in juvenile weights between 
this study and the historic data (p=0.108) (Figure 33b). 
 
When combining both populations for species values, the pāteke from the current study 
average 81.7g heavier than those from the DOC data (p=<0.001) (Figure 33 a and b). There 
was no significant difference in the weights of the juvenile pāteke between the two data sets 
(30.0g, p=0.113). 
 
 Whole population Adults Juveniles Adult Males Adult Females 
Location Mean SD N Mean SD N Mean SD N Mean SD N Mean SD N 
Okiwi 553 74 39 582 73 21 500 52 13 596 66 7 574 78 14 
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Figure 33 Comparison of DOC data and current study pāteke mean weight (g) for the Okiwi (a) and 
Mimiwhangata (b) pāteke. 
 
Table 4 Mean weight of pāteke from each population separated into age and sex, DOC study data 
collected 1996 – 2012. 
 Whole population Adults Juveniles Adult Males Adult Females 
Location Mean SD N Mean SD N Mean SD N Mean SD N Mean SD N 
Okiwi 529 91 637 559 84 394 477 78 235 599 77 150 533 79 244 
Mimiwhangata 585 98 254 638 73 153 502 71 97 658 60 77 617 79.1 74 
Combined 545 96 891 579 94 548 484 77 332  
 
Comparison of 13C and 15N ratios between the two study populations 
There was no difference between either the δ15N (p=0.527) or δ13C (p=0.620) values from 
Okiwi feathers during the two sampling periods (Feb and Oct 2012). Therefore, data were 
pooled for the two sampling seasons into one Okiwi dataset. 
 
The level of dietary overlap between the Okiwi and Mimiwhangata populations is illustrated in 
Figure 34. The Mimiwhangata pāteke show a highly significant level of δ15N enrichment 
compared to their Okiwi conspecifics (p=0.0001) (Figure 35a). There was no difference for δ13C 





Figure 34 δ15N and δ13C values of the individual pāteke feathers from each site contained within convex 
hulls illustrating the level of dietary overlap between the two study populations.  
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Figure 35 Mean and SD of δ 15N (a) and δ 13C (b) from pāteke feathers collected from Mimiwhangata and 
Okiwi. 
 
Comparison of 13C and 15N ratios between the males and female birds at each site 
When pooling data from both sites to compare at species level, there was no difference 
between the sexes for either δ13C (p=0.771) or δ15N (p=0.375) (Figure 36). However, when 
sites were separately tested for difference in diet between sex, female pāteke at 
Mimiwhangata showed lower δ13C ratios than males (p=0.024, Figure 37b), with no difference 
in δ15N (p=0.830) (n=6 females and 9 males). There was no significant difference found in the 
isotope ratios of males and females at Okiwi (δ15N p=0.698 and δ13C P=0.210, Figure 37a and 
b) (n=female 14, male 5).  
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Figure 37 Comparison of δ13C and δ 15N ratios between male and female pāteke at Okiwi (a) and 
Mimiwhangata (b). 
 
Body mass and δ13C and δ15N ratios within and between populations 
There was no significant correlation between body mass and δ13C when including all pāteke 
from both sites in the dataset (p=0.9074, n=49, Figure 38a). There was however, a highly 
significant relationship between mass and δ15N with heavier birds having higher δ15N ratios 




























Figure 38 δ13C (a) and δ15N (b) in relation to weight (g) for all study pāteke, dotted lines on plots indicate 
95% confidence intervals. 
 
For the Okiwi population, there was no relationship between body mass and isotopic values 
for either δ13C (p=0.2191) or δ15N (p=0.2902) for the whole population (n=33), or just adults 
(δ13C p=0.1703, δ15N p=0.0812, n=19), however, there was a trend for heavier birds to have 
higher δ15N ratios. There was a significant relationship between the body mass of juveniles 
and δ15N with lighter birds having higher δ 15N ratios (p=0.0308, n=10, Figure 39a), but no 
relationship with δ13C and body mass (p=0.8993). 
 
There were no significant relationships between body mass and isotopic ratios for the 
Mimiwhangata population (δ15N p=0.1215, δ13C p=0.5116) although there was a very slight 
non-significant trend towards heavier birds having higher δ15N ratios (Figure 39b).  When the 
two juveniles were excluded from the data there was very little change with neither δ13C 
(p=0.4603) nor δ15N (p=0.2826) ratios correlating with the body mass of the birds (n=14). 
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Figure 39  Weight as related to δ15N of juvenile Okiwi (a) pāteke and the Mimiwhangata pāteke 
population (n=16) (b). 
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Age and δ13C and δ15N ratios within and between populations 
There was considerable overlap in the diet of adult and juvenile pāteke when combining data 
from both sites (Figure 40). However, adults had a much wider variation in diet between 
individuals than juveniles. There was a significant difference in the δ15N values between the 
two age groups for the populations combined (p=0.033) (Figure 41a), and the Okiwi 
population (p=0.021) (Figure 41b). There was no difference in δ13C ratios between the age 
groups when considering the sites combined (p=0.460), or considering only the Okiwi 
population (p=0.618). Despite the lack of statistical significance in the difference in the δ13C 
ratios, there was a huge difference in the range, showing that juveniles were using far fewer 
food sources than adults, and adults were also foraging at a higher tropic level than any of the 
juveniles (Figure 41b). 
 
 


















J u v e n ile s A d u lt s
(b)













J u v e n ile s A d u lt s
 
Figure 41 Comparison of δ13C and δ15N values between the two age groupings of pāteke, both 
populations combined (a) and the Okiwi pāteke population only (b). 
 
Relationship between body mass and isotopic ratios for Okiwi pāteke using blood-derived 
values 
Blood samples were obtained for 18 Okiwi and two Mimiwhangata pāteke. The small sample 
size from the Mimiwhangata population was caused by logistical difficulties, and therefore, no 
analysis of Mimiwhangata blood samples is presented. Isotopic values were obtained for three 
adult and 12 juvenile pāteke (age of remaining three was undetermined). Sex was identified 
for three of the birds; two female and one male. Okiwi juveniles and adults were found to be 
very similar in δ15N (p=0.945) (uncorrected for growth) and although juveniles were slightly 
lower in δ13C, this difference was not significant (p=0.285) (n=3 adults, n=12 juveniles) (Figure 
42a and b). 
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Figure 42 δ15N (a) and δ13C (b) ratios of adult and juvenile pāteke from Okiwi (mean and SD). 
 
There was no relationship between body mass and δ13C (p=0.1986) within the Okiwi 
population (Figure 43a), unless the one heavy outlier is included, in which case there is a non-
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significant trend towards increased δ13C with increased body mass (p=0.0997). There was a 
significant trend for lower δ15N in heavier birds (p=0.0300) (Figure 43b). Removal of the outlier 
is biologically relevant as the body mass and age of the bird suggests she may have been 
gravid. When comparing only juveniles there was no correlation between δ13C levels and body 
mass (p=0.227) (Figure 44a), but there was a significant relationship between increased body 
mass and lower δ15N levels (p=0.0432) (Figure 44b). There was no relationship for δ13C/ δ15N 
for the Okiwi population (p=0.2016), or juveniles only (p=0.726). 
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Figure 43 Change in δ13C (a) and δ15N (b) with increasing weight for Okiwi pāteke.  
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Figure 44 Change in δ13C (a) and δ15N (b) with increasing weight for juvenile Okiwi pāteke.  
 
Combining Blood and Feather-Derived Isotopic Data for the Okiwi Population 
The combining of data obtained from both feathers and blood increased the sample size 
(number of individuals) by three; two juveniles and one adult. Combining the corrected data 
resulted in very little change in the mean δ13C and δ15N values compared to feather-derived 
data (δ15N enriched by 0.0475 ‰, p=0.780 and δ13C enriched by 0.0986‰, p=0.835), or blood 
only values (δ15N depleted by 0.0038‰, p=0.985, and δ13C depleted by 0.1632‰, p=0.868). 
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Temporal Study of Okiwi Pāteke Diet 
Comparison of isotopic ratios obtained from blood and feathers show that there was very 
little change in pāteke diet at Okiwi between the feather growth period and time of blood 
turnover.  After being adjusted for comparison, when compared with feather samples mean 
values obtained from blood of Okiwi pāteke were slightly depleted in δ13C (p=0.540) and 
elevated in δ15N (p=0.310) (n=15) (Figure 45). Six birds increased and nine decreased in δ13C 
ratios during the period between synthesis of the two tissue types. The two largest increases 
were juveniles with increases of 1.148 ‰ and 1.02 ‰, both of which died during the study 
period. Two pāteke decreased in δ15N. Both were from the same habitat and possibly related, 
an adult female and a juvenile. There was no significant change over time in diet for juveniles 
only (δ15N p=0.3783, δ13C p=0.390, n=10). Adults had insufficient sample size for analysis. 
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Body mass obtained for pāteke in this study mirror those from DOC data, showing that pāteke 
at Okiwi are consistently lighter than their Mimiwhangata conspecifics. There was no genetic 
basis to the differences in body mass as the two populations are genetically similar (Watts et 
al., 2016). Additionally, captive-reared birds that were sourced from GBI are not smaller in 
body size (Watts et al., 2016). Therefore, this difference in mass is most probably due to 
environmental or behavioural differences, rather than any physical or genetic difference in the 
populations. Moore and Battley (2006) suggest the variation in body mass between 
populations is likely due to food shortages in critical growth periods. Although some body 
mass changes in bird species have been found to be due to adaptation rather than stressors 
(Reinecke et al., 1982, Freed, 1981), the high number of pāteke deaths attributed to starvation 
from the lighter GBI population supports the suggestion that the difference is most likely due 
to nutritional stressors. 
 
During the summer of this study, 2012-2013, both study areas had extremely low rainfall, with 
only 13mm of rain in January at Okiwi basin, the lowest recorded in twelve years of 
monitoring (Department of Conservation 2016). The average January Okiwi rainfall over the 
previous 11 years was 123mm (SD 94.6). Rainfall for February, March, and April was all below 
the average for the previous 11 years at 24mm, 55mm and 108mm respectively; these were 
104mm, 109mm and 10mm below the mean for the previous 11-year period. The weights of 
Okiwi birds collected during this study were similar to those collected by DOC. Weights in this 
study were recorded in August and October, prior to the drought. Due to the number of 
pāteke that died and the number of birds that went missing due to tag failures, weights post-
drought were unable to be compared.  Therefore, while the high number of deaths 
throughout the study may have been exacerbated by drought, the initial weight and isotopic 
ratios will not have been influenced by the dry conditions. 
 
There was no significant correlation between body mass and δ13C for any of the pāteke 
groupings, but δ15N and body mass were found to be significantly correlated. The direction of 
this correlation was dependent on the age of the birds, with juveniles showing a negative 
relationship, whereas the population as a whole showed a positive trend, with heavier birds 
having increased δ15N. The positive trend was most probably driven by the Mimiwhangata 
birds, which had both higher δ15N levels and body mass, as there was no significant difference 
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when populations were examined individually, although a non-significant trend was still 
evident for Mimiwhangata. 
 
When using stable isotopes as dietary tracers there are a number of variables which may 
influence fractionation, and therefore the overall values, including the nutritional state of the 
consumer (Williams et al., 2007, Vanderklift and Ponsard, 2003), growth, and foraging habitat 
(Vanderklift and Ponsard, 2003). There is a known change in Δδ15N with starvation, however 
the exact direction and extent of the shift is unclear (Vanderklift and Ponsard, 2003) with 
some studies finding enrichment increases in times of starvation (Hobson et al., 1993, Hobson 
and Clark, 1992b), and others finding δ15N depletion with nutritional stress (Oelbermann and 
Scheu, 2002, Williams et al., 2007, Sears et al., 2009). It is possible that individual species 
respond to starvation differently based on their own nitrogen use efficiency (Vanderklift and 
Ponsard, 2003). Regardless of the direction of any dietary shift, none of the observed changes 
in other studies are large enough to account for the vast difference observed between 
populations in this study. 
 
Comparisons of the Okiwi and Mimiwhangata pāteke 
The observed difference in δ15N between the two pāteke populations is most likely due to a 
difference in diet, which may also explain the lower body mass in the Okiwi population. The 
variation in diet may be due to a higher ratio of animal-to-plant sources in the Mimiwhangata 
population than the Okiwi population, or the Okiwi population may forage more on animals 
that have been found to have lower Δδ15N enrichment, such as molluscs (Vanderklift and 
Ponsard, 2003). There is also the possibility that the two populations foraged in different 
environments within the study areas, as there has been found to be a difference of 
approximately 1.5‰ in the δ15N levels of sources obtained from marine and freshwater 
environments (Vanderklift and Ponsard, 2003). This difference may contribute to some of the 
variation, since the Mimiwhangata population had very little, if any interaction with marine 
environments, favouring freshwater ponds and rivers (Chapter 2). If foraging area was 
responsible for the δ15N variation, then diet would still contribute to the difference as food 
sources differ between habitat types. The relationship between pāteke isotopic values and 
habitat will be explored further in Chapter six. 
 
Variation in base isotopic ratios of the primary producers at each site is unlikely to explain the 
large isotopic difference in pāteke tissues. Comparison of the isotopic values of sources 
between sites revealed only small variations, most of which indicated lower δ15N levels at 
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Mimiwhangata. Nitrogen-based fertilisers may be contributing to the difference in ratios. The 
farm at Mimiwhangata was treated with fertiliser in both 2011 and 2012, but only in selected 
areas, and the pāteke sampled in untreated areas did not appear to have δ15N levels lower 
than those in the treated area. However, birds may have foraged within treated areas or the 
δ15N may be elevated from treatment in previous years. A comparison of the fertilisers used 
on each farm (Mimiwhangata and Okiwi) and their influence on the δ15N levels in the primary 
producers/sources could be valuable to determine their influence on the δ15N ratios of the 
consumer. Additionally, a comparison of isotopic ratios in Mimiwhangata pāteke following 
each type of fertiliser treatment with birds pre-treatment may provide insight into the level of 
impact that fertiliser has on consumer δ15N values. 
 
Although not significant statistically, the difference in δ13C between and within populations 
could be biologically important. δ13C changes little between trophic levels (Caut et al., 2009), 
with the DX values for δ13C in this study being estimated to be 0.38, compared with 4.89 for 
δ15N. This means that slight differences in δ13C can indicate differences in diet. Although the 
difference in δ13C between groups was not large, the range within groups was substantial, and 
suggests some intra-individual variation in assimilated diet within the Okiwi and 
Mimiwhangata populations (Procházka et al., 2010). This observed variation appears to be 
within adults, as juveniles occupy a very restricted foraging range. 
 
Based on results of Moore et al. (2006) it would be expected for Okiwi pāteke to have a much 
wider diet than the Mimiwhangata pāteke. My study suggests the opposite, with the 
Mimiwhangata population showing δ15N levels which are on average 1.6‰ higher than those 
at Okiwi, as well as a difference in δ15N of up 4.6‰ between individuals, compared with 
Okiwi’s difference of 2.8‰. There may have been insufficient samples to capture the full 
range of Okiwi diets, but since there appears to be the same range of δ13C in the samples for 
both locations they appear to be adequate. If there is a source absent from the Okiwi pāteke 
diet, it could be either because Okiwi patek are not selecting it, or that it is physically 
unavailable in the Okiwi environment. 
 
The difference observed in the body mass of pāteke between this study and the DOC data may 
be due to a larger number of juveniles in the DOC study compared with this one. The 
difference in the Mimiwhangata adults appears to be fewer recorded birds in the lower 
weight ranges, and more in the mid/ heavier weights, but not an increase in the highest 
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weight. This may be a sampling imbalance, or it could be due to increased nutritional health in 
the area overall. 
Within population comparisons 
Juvenile pāteke at Okiwi had significantly lower δ15N levels than any other group in this study. 
They are also the only group to show decreasing δ15N ratios with increasing body mass. A 
comparison of ratios from blood and ratios in feathers indicated that the diet remained the 
same over the distinct time periods. While the heavy birds with low δ15N were a mix of 
individuals and family groups, it is likely that the lighter birds with higher δ15N in both feather 
and blood samples belonged to a single family group, skewing the data. The adult female 
accompanying the family group was the heaviest sampled bird from that population, with one 
of the highest levels of δ15N in her tissue. She was excluded from the analysis as an outlier and 
was potentially gravid (assumed on the basis of her high body mass). Additionally, the 
juveniles in this group were all pinning (at early stages of feather growth) at the time of 
capture, indicating that these individuals were younger than the other juveniles sampled, and 
therefore smaller, irrespective of nutritional status. This suggests that the juveniles were not 
underweight with high δ15N, but were younger and probably in good health. The pinning also 
indicates more recent feather growth, thus representing a slightly different time-period.  
However, the increased δ15N levels in these birds compared to values from their conspecifics 
were evident in both feather and blood tissues with these individuals, indicating 
differentiation in diet. Interpretation of values from this family group is further complicated by 
human influence in the area they inhabit, which includes the Okiwi campground and a popular 
surf break, which see both over-night and day visitors. It is highly probable that the diet of this 
pāteke group includes human food. An isotopic study of the diet of jays (Cyanocitta stelleri) 
found the diet of the population in a campground was comprised of around 50% human food 
(West et al., 2016), as identified by δ13C enrichment. Similar enrichment was observed in the 
pāteke frequenting the campground area at Okiwi, which had the highest δ13C in the Okiwi 
population as well as increased δ15N. Therefore, the increased δ15N values in lighter juveniles 
is less likely to be due to a relationship with body mass, but rather individual variation in diet 
and habitat. 
 
Given the very low δ15N ratios in Okiwi pāteke compared with their Mimiwhangata 
conspecifics, it is likely that nutritional stress results in lowered δ15N. If nutritional stress in 
pāteke is indicated by reduced δ15N values, as seen in other bird species (Graves et al., 2012, 
Sears et al., 2009), then it possible that the ratios of the heavier juveniles are lower because of 
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nutritional stress, or possibly growth.  The decrease in the δ15N values with increased weight 
of Okiwi juveniles for blood is consistent with the expected decrease due to rapid growth, 
however the lower values in feathers is not, as growth doesn’t affect isotopic ratios in feather 
tissue (Bearhop, 2002). Therefore the difference in ratios between Okiwi juveniles and adults 
could be more plausibly due to nutritional stressors. Williams (2001) found that large numbers 
of juvenile pāteke at GBI were dying within three months of independence from adults. The 
weights and isotopic information in this study were collected while birds were in family 
groups, therefore, if nutritional stress is causing the observed depleted δ15N levels, then the 
juveniles may be under dietary stress prior to independence from adults, which is earlier than 
previously observed.  
 
If foraging locations were causing the decline post-independence, it was not observable during 
this study because the young birds were still with family groups and being guided to foraging 
areas by adults. Juveniles with the lowest δ15N values were from the same two neighbouring 
paddocks. This will be further explored in Chapter six.  There was no significant difference 
between adult and juvenile δ15N levels when looking at ratios in blood, however the adult 
sample size was very low, at three birds. Growth causes depletion in δ15N in blood, but as 
growth slows the delta δ15N becomes enriched. If, despite the small sample size, three birds 
did represent the population this suggests the juveniles did catch up to the adults, with δ15N 
enrichment levelling out as growth slowed  (Sears et al., 2009). Since these juveniles were 
nearing adult size it is to be expected that growth would be slower and δ15N in blood would be 
similar to that of adults. 
 
Adults showed a much wider dietary range than juveniles, which may account for the 
difference in isotopic values. The juveniles showed very little range in their δ13C ratios and less 
in δ15N. This could be because adults keep to restricted, known territories with a narrower 
range of food sources when foraging with juveniles, and that the adults with juveniles are 
most likely to be those which held territory.  The wider range in δ13C in adults may represent 
feather growth in different times as δ13C is known to vary seasonally in wildlife diets, and the 
pāteke display variation in the timing of their feather growth. The lack of distinct clusters and 
the level of overlap shows that there is a gradient in diet variation. 
 
The cause for the variation in diet is unclear. It may be a choice by the individuals or it may be 
due to food limitation. However there does appear to be a difference in food consumed, not 
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just a lack, with Mimiwhangata birds feeding at a higher trophic level than Okiwi birds 
(Minagawa and Wada, 1984). If the driving force behind the variation in diet is lack of ideal 
food it may be due to an overall food shortage in the area. An overall food shortage may have 
several different causes, which are not mutually exclusive. Food shortages may occur in spatial 
or temporal areas of a species’ or individuals’ life history (Nummi et al., 2000). If an area is 
experiencing long-term droughts, increased competition and a large population, it is possible 
that these factors could be reducing the carrying capacity of a once highly productive area. 
Food supply has also been found to be depleted gradually by a species over a number of 
years, reducing the carrying capacity of an area (Newton, 1998). Competition from other 
species, including those that are also pāteke predators, could be exacerbating any pressure on 
food resources causing either a diet shift, a reduction in preferred foods, an overall food 
shortage, or restricting pāteke from preferred foraging areas (Robertson, 1973).  Moore and 
Battley (2006) identified overlap between the diet of pāteke and of rats, mice (Mus musculus), 
hedgehogs (Erinaceus europaeus L), and mallards. They also noted that rabbits graze low-
growing plants, indirectly reducing terrestrial mollusc abundance. Although pāteke diet now 
includes introduced species, Moore and Battley (2006) suggest that introduced species and 
land-use changes have likely caused an overall reduction in year-round food availability. 
Restriction of access to foraging areas through competitors is unlikely due to the ‘assertive’ 
behaviour of pāteke (Williams, 2001), and pāteke were observed throughout this study in 
streams and ponds with paradise shell ducks and mallards. Additionally, if this were occurring, 
then habitat use would be expected to be different between sites, as pāteke are displaced 
from favourable areas, which it is not (see Chapter 2). Changes in agriculture can decrease 
food avilability and limit populaiton size in harriers (Amar et al., 2003). It is possible that a 
change in fertiliser or other treatments on the Okiwi farm may be influencing the availability 
of invertebrates. It is unlikely that the fertiliser is influencing the δ15N ratios directly, as the 
ratios of source items are not significantly different between the sites. However there may be 
an ecological response to the treatments which decreases invertebrate presence. 
 
A comparison of isotopic values between feathers from older and recent pāteke samples 
could be advantagious to determine if the difference between the isotopic levels of Okiwi 
pāteke and Mimiwhangata pāteke is recent, or if there is a historical difference in niche. The 
old samples would need to have been collected from birds prior to the observed juvenile 
decline. Additionally, a comparison of farming practices and their impact of both the δ15N and 
invertebrate numbers in each area should be considered.  
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Section 2, Chapter 5: Identification of Pāteke Diet  
Use of mixing models to identify and compare the diet of pāteke within 
and between populations 
Introduction 
Identification of the sources contributing to pāteke diet at each study site is important to 
develop management strategies to mitigate the cause of the Okiwi starvation events. In this 
chapter, the data obtained in Chapter four are used to attempt to identify the major 
contributing sources in the pāteke diet. If the difference in diet between the populations can 
be identified, it may be possible to identify and manage the underlying causes of the Okiwi 
pāteke starvation. 
 
Fry (2006) describes mixing as the opposite of fractionation; where fractionation separates 
isotopes, mixing unites them. He uses the analogy of colours to explain that whilst 
fractionation is the separation of a mixture to determine source materials, i.e. separating grey 
into black and white, mixing is the combination of the sources, or colours i.e. white and black 
into grey. The application of a mixing model allows the mixing process to be observed by 
calculating the contribution of sources to the final isotopic ratios.  
 
Mixing models are a widely-used tool to explore foraging ecology of wildlife (Hopkins and 
Ferguson, 2012, Phillips et al., 2005). Mixing models are used to estimate relative 
contributions of multiple assimilated dietary sources to the tissue of a consumer (Bond and 
Jones, 2009, Hopkins and Ferguson, 2012). One such model is MixSIR (Moore and Semmens, 
2008), a Bayesian, multi-source, model used to determine the proportional contribution ratio 
of sources to consumer tissue . MixSIR was developed to estimate the probability distributions 
of source contributions to a mix, while accounting for uncertainty such as multiple sources 
and fractionation (Moore and Semmens, 2008). MixSIR will be used in this chapter to quantify 






Pāteke were caught as described in Chapter two. Feather and blood samples were obtained as 
described in Chapter four. Prey items available to Okiwi pāteke were collected in October 
2012, and for Mimiwhangata during November 2012, at the time of collection of blood 
samples and attachment of GPS tags. Where possible, prey items were selected based on 
those identified by Moore et al. (2006) (Appendix 1).  In addition to these, location-specific 
samples, and samples that were suggested by DOC pāteke rangers were also collected. The 
objective was to collect the same or similar samples from each site. However, several of the 
items collected from Okiwi (cockles and stream invertebrates) were not present at 
Mimiwhangata. Animal and plant samples were collected in zip-lock bags and frozen within 
three hours of collection. Samples were stored in a freezer until transported back to the 
University of Otago in a styrofoam box packed with laboratory-grade frozen freezer bags, 
where they were placed back into a freezer until processing. 
 
Prey items (sources) were divided into biologically relevant groupings (e.g. aquatic plants, 
terrestrial plants, terrestrial invertebrates) to obtain the optimal number of sources for model 
accuracy (Semmens and Moore, 2008). Any source that had a greater difference in isotopic 
signature to the other sources within its group than to a ‘non-related’ group, was separated 
into its own category (e.g. ants separated from other invertebrates).  Corrected consumer 
values and grouped source values were evaluated in a mixing polygon plotted in Graphpad 
Prism 7. The polygons allow for the integrity of the data to be assessed prior to the model 
being run (Caut et al., 2008). Values for the consumer must fall within the polygon created by 
the source data, or the source data are considered incomplete and the model must be 
rejected and the groupings reconsidered (Phillips, 2012). When regrouping did not facilitate a 
viable model, the data were rejected. 
 
The probable contribution of each prey item to the diet of pāteke was predicted using MixSIR 
1.0.4. (Semmens and Moore, 2008), a graphical user interface built on a MATLAB platform. 
MixSIR is a Bayesian mixing model which uses Sampling-Importance-Resampling (SIR) to give a 
range of potential contributors to diet, rather than a specific estimate, for each food group 
(Semmens and Moore, 2008). The model deals with overlapping prey signatures and other 
sources of uncertainty by incorporating standard deviations as well as mean values (Weiser 
and Powell, 2011, Semmens and Moore, 2008). There were too few blood samples collected 
from Mimiwhangata to run models, therefore only feathers were modelled for that 
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population. Both blood and feathers were modelled for the Okiwi population.  Ratios of δ13C 
and δ15N obtained from pāteke feathers were used with the trophic discrimination correction 
of 0.38‰ from δ13C and 4.89‰ for δ15N applied for each source with feather samples, and 
δ13C = -0.36‰ and δ15N = 3.6‰ for blood samples. An estimated standard deviation of 0.5 was 
applied to the models for each of the source to consumer DX values (Crawley, 2013). Several 
models were produced for each population with various sources omitted to enable 
comparison of model results with varying numbers of sources to determine the strongest 
model. Blood samples from Okiwi were corrected for effects on δ15N from starvation by 
1.03‰ (Sears et al., 2009) and models were run both with original and corrected values. To 
allow for MixSIR not factoring in inter-individual variation within consumer populations 
(Hopkins and Ferguson, 2012) models were also run for groupings based on sex and age for 
each population. As lipids were not removed from sources prior to sample combustion, a 
correction of 1.3‰ (Logan et al., 2008) was applied to δ13C ratios for invertebrates and models 
were run with and without the correction. To allow for the change in tissue turnover rates 
during growth, which influences N values in blood, a correction of 0.55ppt to the mean value 
of discrimination was applied to blood samples (Sears et al 2009). The models were run both 
with, and without, the correction. The fit of each model was evaluated by ensuring that the 
number of posterior draws was over 1000, there were no duplicate draws, and that the ratio 
of best posterior density to total posterior density was < 0.01 (Moore and Semmens 2008). If a 
model did not meet any of the criteria it was run again with an increased number of iterations 
until all criteria were satisfied. The median posterior probability of each source contribution to 
the diet, and the 5th and 95th percentile of the posterior proportional contribution for each 
source are presented. 
 
Diet data collected by Moore et al. (2006) were used as priors in a mixing model to compare 
against the results from the isotope-only model. This model was run for isotpe values 
obtained from feathers using ‘R’ software and the 'SIAR' package (Parnell and Jackson, 2013). 
The DX correction of 0.38‰ from δ13C and 4.89‰ for δ15N and an estimated standard 
deviation of 0.5 was applied in the absence of known values (Crawley, 2013). The paper 
presented by Moore et al. (2006) explored the diet of pāteke at species level. For this study, I 
grouped their sources to match those used in the model and estimated the percentage 
contributions of each to the individual bird. This was done by either using the estimates 
provided in field sheets provided by the authors, or estimating percentages based on numbers 




The diet of Mimiwhangata pāteke using isotope values derived from feathers 
The first model was run with seven sources for all Mimiwhangata pāteke (Figure 46). The 
model predicted that the Mimiwhangata pāteke were predominantly using two food sources, 
terrestrial invertebrates (median 46%) and crustaceans (median 23%) with a combined   
median estimate for animal sources of 79%. The results show very little use of individual plant 
sources, with a combined median of 15%. The predicted contributions to diet are: Terrestrial 
molluscs 0.013 (0.001 – 0.065), Aquatic plant/pond sample 0.023 (0.002 – 0.086), Terrestrial 
crustacean 0.235 (0.054 – 0.358), Terrestrial invertebrate 0.462 (0.016 – 0.603), Clover leaf 
0.031 (0.002 – 0.102), Terrestrial plants 0.097 (0.006 – 0.537) and Hymenoptera 0.082 (0.006 
– 0.3). Terrestrial plants had a low median use relative to other sources, but the second 
highest 95% percentile use. When altering the source mix by reducing the number of sources 
(removing/adding clover leaf, clover flower or hymenoptera, selected because they were not 
needed for a complete mixing polygon) there were no significant changes to the remaining 
sources. However, there was a notable decrease in the predicted use of crustaceans 
(approximately 4%) with the inclusion of hymenoptera. Therefore, the model below was 
selected as being the best fit, and the seven source variables were used through this section. 
Lipid correction for invertebrates did not alter model outputs, therefore the following models 




Figure 46 Mixing model of Mimiwhangata pāteke feathers predicting the proportion contributed by 
each source to the diet. A) Terrestrial molluscs, B) Aquatic plant/pond sample, C) Terrestrial crustacean, 
D) Terrestrial invertebrate, E) Clover leaf, F) Terrestrial plants, and G) Hymenoptera. 
Diet of female pāteke from Mimiwhangata using feathers  
The diet of the female Mimiwhangata pāteke was also predicted to consist largely of 
terrestrial invertebrates (median 40%) (Figure 47), with overall use of animals and plants being 
similar to the population value (median 74% animal, 12% terrestrial plant). The predicted 
contributions of sources to diet are: Terrestrial molluscs 0.04 (0.003 – 0.142), Aquatic 
plant/pond sample 0.041 (0.003 – 0.131), Terrestrial crustacean 0.173 (0.02 – 0.344), 
Terrestrial invertebrate 0.405 (0.144 – 0.568), Clover leaf 0.042 (0.004 – 0.126), Terrestrial 





Figure 47 Mixing results for Mimiwhangata female pāteke using feathers predicting the proportion 
contributed by each source to the diet.  A) Terrestrial molluscs, B) Aquatic plant/pond sample, C) 
Terrestrial crustacean, D) Terrestrial invertebrate, E) Clover leaf, F) Terrestrial plant and G) 
Hymenoptera. 
Diet of male pāteke from Mimiwhangata using feathers for isotopic values 
The diet of the male pāteke differed to that of the whole population and to the female-only 
sample, with an increased ratio of terrestrial plants predicted (median 40%) and fewer 
terrestrial invertebrates (median 8%), or animal sources in general (median 45%) than the 
other groups. The predicted proportions to the diet of the male pāteke are: Terrestrial 
molluscs 0.023 (0.002-0.101), Aquatic plant/pond sample 0.022 (0.002 – 0.079), Terrestrial 
crustacean 0.263 (0.044 – 0.418), Terrestrial invertebrate 0.078 (0.004 – 0.5), Clover leaf 0.023 
(0.002 – 0.08), Terrestrial plant 0.406 (0.024 – 0.529), Hymenoptera 0.108 (0.008 – 0.396). 
When removing the juvenile males or the pāteke of undetermined age the predicted ratios of 
source use were still higher in terrestrial plants than for the population or female-only data 
(21%), but lower than that of all males. The main difference in the predicted diet of adult 
males and other groups was increased predicted use of terrestrial crustaceans (median 39%) 
(Figure 49). The predicted ratios for Mimiwhangata adult males were: Terrestrial molluscs 0.02 
(0.001 – 0.083), Aquatic plant/pond sample 0.037 (0.003 – 0.114), Terrestrial crustacean 0.386 
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(0.096 – 0.551), Terrestrial invertebrate 0.042 (0.003 – 0.196), Clover leaf 0.047 (0.005 – 
0.118), Terrestrial plant 0.27 (0.174 – 0.375), Hymenoptera 0.137 (0.009 – 0.49).  
 
 
Figure 48 Mixing results for Mimiwhangata male pāteke using feathers predicting the proportion 
contributed by each source to the diet. A) Terrestrial molluscs, B) Aquatic plant/pond sample, C) 
Terrestrial crustacean, D) Terrestrial invertebrate, E) Clover leaf, F) Terrestrial plant and G) 





Figure 49 Mixing results for Mimiwhangata only adult male pāteke using feathers predicting the 
proportion contributed by each source to the diet. A) Terrestrial molluscs, B) Aquatic plant/pond sample, 
C) Terrestrial crustacean, D) Terrestrial invertebrate, E) Clover leaf, F) Terrestrial plant and G) 
Hymenoptera. Includes adult male pāteke from Mimiwhangata. 
 
The proportions of each source in the diet of the different Mimiwhangata pāteke groups are 
presented in Table 5 and Figure 50. Diet of males including juvenile/sub-adult males differed 
most from the other groups in that 45% of the diet was plant based, compared with 11-17% 
for the other groups. The model predicted that the proportion of the diet that was animal-
based was lower in males than in females (59% and 79% respectively). The predicted 
proportion of terrestrial invertebrates in the diet was far lower for both male groups (0.078 all 





Table 5 Proportion of diet each source type makes for each of the Mimiwhangata pāteke groups based 
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Figure 50 Contribution to diet from each source for Mimiwhangata pāteke. Median, 5% and 95% 
percentile for the whole population, females and males. 
 
Source Mimiwhangata Pāteke group 
 All Lipid correction Female Male Adult male 
Animal 0.792 0.804 0.749 0.472 0.585 
Plant 0.151 0.141 0.17 0.451 0.111 
Terrestrial 
Molluscs 
0.013 0.016 0.04 0.023 0.02 
Aquatic 
Plants 
0.023 0.036 0.041 0.022 0.037 
Terrestrial 
Crustaceans 
0.235 0.2 0.173 0.263 0.386 
Terrestrial 
Invertebrates 
0.462 0.479 0.405 0.078 0.042 
Clover Leaf 0.031 0.051 0.042 0.023 0.047 
Terrestrial 
Plant 
0.097 0.054 0.087 0.406 0.027 
Hymenoptera 0.082 0.109 0.131 0.108 0.137 
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Diet of Okiwi Pāteke: feathers 
There were no possible, useable, combinations of isotopic values from Okiwi pāteke feathers 
and collected food sources that fit the source polygon rule (Phillips, 2012) (Figure 51). Age, 
sample period, and sex were attempted as groupings, but none allowed for a valid model. 
Mimiwhangata sources (crustaceans and hymenoptera) were added which increased the 
polygon size to encompass the pāteke values, but this did not enable a valid model. Use of an 
alternative modelling program, IsoSource, also failed to yield a valid model. Correcting the 
animal source tissue for lipids did not increase the δ13C values significantly enough to produce 
a valid mixing polygon or facilitate model function. Models were attempted using 
Mimiwhangata source data, however the consumer point was outside of the mixing polygon. 
Adding the correction for starvation in either direction did not facilitate a functional model. A 
mixing model was produced using minimal sources, and mix data that fit within the mixing 
polygon, n=7. This model also required the substitution of a high carbon source from 
Mimiwhangata, and indicated that the diet was split evenly between plant and animal 
sources, with the single most important source being terrestrial plants, contributing between 
46-52% of the assimilated diet. Unfortunately, the model parameters were not sufficiently 
satisfied for the model to be accepted, running over 800,000 iterations and still not meeting 
the model’s requirements. Using the Isosource program did not provide any further results as 
this model also failed to produce output. Isosource was attempted with substituted 
Mimiwhangata source data, using pooled Okiwi mixing data and separately by season of 
collection. Isosource was also run with each isotope being examined separately, with no 
output provided by the modelling spftware. Correcting the Okiwi pāteke diet for starvation 
would increase the 15N values further. 
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Figure 51 Source polygon for Okiwi population showing the consumer value outside of the source values 
invalidating the model. Okiwi δ 13C and δ15N values were obtained from feathers. Source values are A) 




Diet of Okiwi Pāteke: blood 
The Okiwi pāteke δ13C and δ15N ratios obtained from blood samples and not corrected for 
starvation did not fit within the source polygon (Figure 52) therefore there was no mixing 
model run for these data. Correcting the δ15N DX value to compensate for variations caused 
by growth and starvation (Sears et al., 2009) did not alter the consumer ratios enough to 
facilitate model function (P2, Figure 52), nor did the inclusion of terrestrial invertebrate values 
from Mimiwhangata. 
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Figure 52 source polygon with Okiwi pāteke values derived from blood samples and using all collected 
sources. The consumer value is outside of the source polygon. Consumers presented are without 
correction to DX for juvenile growth (P1), and with correction of 0.55ppt (P2). Sources presented are: A) 
buttercup, B) clover C) carex spp. D) aquatic plant a (unidentified spp.), E) aquatic plant b (unidentified 
spp.), F) cockles, G) slugs, H) Potamopyrgus antipodarum and I) Deleatidium nymph. 
 
Comparison and inclusion of model results with a previously published study 
Based on an extensive sample from Great Barrier (n=45), but a smaller sample size for 
Northland (n=9), Moore et al. (2006) identified plant matter in the diet of all Northland birds, 
and 84% of the Great Barrier birds. Animal prey was identified in 89% and 82% of the 
Northland and Great Barrier birds, respectively. Seeds and fruit were present in all Northland 
birds and 73% of Great Barrier birds.  Moore et al. (2006) data show that the Great Barrier 
population used a much larger range of food sources than the Northland birds, with the 
Northland populations primarily foraging on plant and insect species. When applying their 
findings as priors to the Mimiwhangata mixing model the results differ to the results of the 
isotopes- only models. When priors are included the median contribution for the 
Mimiwhangata pāteke diet shifts to aquatic plants as the most prominent source. Clover leaf 
and hymenoptera both increased their predicted contributions to 22% from below 5% and 
10% respectively (Table 6).  
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Table 6 The median percentage contribution of each source to Mimiwhangata pāteke diet with and 
without use of priors obtained through estimates of percentage contribution in gut and faecal analysis 
by Moore, Battley et al. (2006). 
 
 median contribution to pāteke diet 
Source Inclusive of priors Without priors 
Terrestrial molluscs 0.08 0.013 
Aquatic plants 0.23 0.023 
Terrestrial crustaceans 0.11 0.235 
Terrestrial invertebrates 0.09 0.462 
Clover leaf 0.22 0.031 
Terrestrial plants 0.05 0.097 






Mimiwhangata model estimates show that animal sources are the most substantial 
contributor to assimilated tissue for this population. When combining all animal sources and 
all terrestrial plant sources the diet of Mimiwhangata pāteke were predicted to be dominated 
by animal sources, making up approximately 79% of the diet. Plants contributed only a small 
portion of the assimilated Mimiwhangata pāteke diet (approximately 15%). Intertidal 
crustaceans (sand hoppers) appeared to contribute the second-highest proportion of pāteke 
diet, after terrestrial invertebrates. However, this result seems unlikely as Chapter two shows 
that very few pāteke foraged in intertidal areas, sand hopper habitats. Given that the birds 
with the C:N ratios most likely to be contributing to this result are inland and did not inhabit 
tidal areas, it seems more plausible that an alternative high quality food source was the main 
contributor to the diet. 
 
When comparing male and female Mimiwhangata birds there was a large difference in diet 
structure, with males assimilating almost equal proportions of plant and animal material, 
while females predominantly fed on animal-based sources. The most dramatic difference was 
the females’ high predicted use of terrestrial invertebrates compared to males (40% (14-57%) 
female, and 4% (0.3-20%) male), and the high occurrence of terrestrial plants in the male diet 
compared to the females (27% (17 – 38) male, 9% (0.06 – 38) female). These differences 
explain the significant difference in δ13C observed between the males and females in Chapter 
four. Since males were sampled in five of the six locations that females were sampled, it is 
unlikely that this difference is a result of different foraging areas, however influence of 
foraging area on isotopic ratios is explored further in Chapter six. 
 
The inability to create a valid source polygon for the Okiwi data meant the the models would 
not run with the full consumer dataset. The MixSIR model will not produce output if the data 
are not fitting within a source polygon (Elith et al., 2011). Numerous attampts to model Okiwi 
pāteke data were made, including entering combinations substituting in Mimiwhangata data 
for non-collected sources at Okiwi, and using only pāteke isotopic values (mix data) that fit 
within the source polygon. There may have been additional problems with creating the mixing 
model as δ13C ratios ranged widely between Okiwi individuals. The simplified model indicated 
that for the seven individuals used, terrestrial plants were the single largest contributor to 
assimilated diet, however when combined, animal sources contriibuted 50%. These ratios are 
similar to those of males at Mimiwhangata. However, the Okiwi model was created using a 
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substitute value from Mimiwhangata and only a small proportion of the Okiwi pāteke. The 
model excluded any individuals with higher δ13C or low δ15N than the source polygon. 
However it does indicate that there are higher ratios of plants than animals in the Okiwi 
pāteke diet compared with the Mimiwhangata pāteke diet. Terrestrial invertebrates were 
predicted to contribute to half of the Mimiwhangata diet and terrestrial plants to more than 
three times the amount than at Mimiwhangata. However, the δ15N ratios for Mimiwhangata 
were more varied, suggesting that while Okiwi birds might be foraging for a wider range of 
food sources, Mimiwhangata birds were feeding at a higher range of trophic levels. This is 
evident in the models showing that animal sources are the prominent food source. 
 
Moore and Battley (2006) identified terrestrial invertebrates in 100% of the Mimiwhangata 
birds, but found that plant contributions in the diet were of a greater mass. Using data from 
Moore et al. (2006) as priors changed the estimates of mixing models within this study. Higher 
δ15N levels in this population than in the Okiwi population (Chapter 4) are consistent with a 
high proportion of invertebrates in the diet. Including data from Moore et al. (2006) as priors 
to the models resulted in a predicted 50% contribution of animal sources to the diet of 
Mimiwhangata pāteke. Aquatic plants increased from an estimated 2% to 23%, and clover leaf 
increased from 3% to 22%, which increased the total plant contribution to 50% of the pāteke 
diet, and reduced the contribution of animal sources, to values more similar to those from 
males only. It is possible that plants are consumed in higher quantities, but not assimilated as 
readily into the tissue as invertebrates, or consumed by ‘accident’ when foraging for other 
sources. However, the inability to run mixing models on the full Okiwi dataset, and the lack of 
prior data available for the Mimiwhangata pāteke, means that it is not possible to accurately 
model the diet of pāteke with priors, or compare the results between the studies at a 
population level. The prior information may be useful in further study for a species level 
dietary study. 
 
The large range observed by Moore and Battley (2006) may be due to more variation in 
foraging habitat at Okiwi than Mimiwhangata, or it could be due to nutritional stress forcing 
birds to forage on whatever is in their environment. Moore et al. (2006) found that some 
pāteke ingested disproportionate amounts of specific food sources; for example, one 
individual from Great Barrier contained 13.5g of yellow fungal fruiting bodies, another 
contained only white clover (525 leaves, 5.8g) and a third contained 822 Potamopyrgus 




There are inherrent inaccuracies with mixing models that need to be considered with diet 
studies. Models assume that diet-tissue discrimination values, including the mathematical 
correction for between tissue DX variation and growth, were accurate. However,  
discrimination factor estimates are subject to uncertainty, as they can be influenced by 
numerous factors including the consumer’s nutritional state, growth, size, age, dietary 
ontogeny or the tissue samples, and dietary elemental composition (Caut et al., 2008). While 
care was taken to mitigate as many of these factors as possible, the DX is still an estimate, and 
the specific factors affecting an individual were not able to be accurately identified within the 
scope of this study. Additionally, MixSIR has a potential inaccuracy in that it provides a value 
for all added sources and cannot provide a zero value. So, the model assumes any presented 
sources contribute to the diet. With a wild population it is not possible to guarantee they are 
feeding on each identified food source, and as identified by Moore et al. (2006) there is a 
substantial range of diet between individuals, which is not able to be fully accounted for in 
mixing models. The models showed a difference in diet between populations, and possibly 
even between sexes, however the exact cause of the observed variation needs to be 




Section 2, Chapter 6: Pāteke Habitat Selection and Diet 
Is there a correlation between the habitat features selected by pāteke 
and their diet? 
Introduction 
Pāteke occupy a range of habitats within their environment including ponds, wetlands, 
paddock, streams and estuaries (Chapter 2), and show a diverse diet both within and between 
populations (Moore et al., 2006) (see Section 2, Chapter 4 and Section 2, Chapter 5). The 
cause of habitat use variation between and within populations can be a result of availability, 
selection, or skill at finding appropriate food sources. Newton (1998) suggested that limited 
availability can be identified by the distance an animal travels compared with conspecifics to 
find a source. Those birds inhabiting high-quality territories would be expected to travel less 
than those with poor-quality territories. Additionally, the type of habitat used can influence 
diet, with different food sources being available in different habitat types. Chapter two 
identified the preferred habitat type of pāteke at both locations to be ponds. If this preference 
was related to food quality, pāteke using ponds would be expected to display isotopic ratios 
indicative of ‘high quality’ diets, in this case quality referring to level of protein in diets, and be 
of higher body mass. Increased use of a habitat is not always a sign of increased quality of 
habitat; in areas of increased density some individuals may have to settle on sites of lower 
quality and this can result in increased movement to find food (Nummi et al., 2000). In this 
chapter I have combined the habitat and diet data to identify any correlations between 
habitat use and diet. I have also explored any correlations between bird weight and habitat 
use. For habitat use I considered the size of the individual bird’s range, the habitats within 





Although consistent movement data were not available for all birds due to high tag failure 
rates, I used the available points to create maps of the indicative area used by each individual 
bird. To obtain this range, 100% Minimum Convex Polygons (MCPs) were created for each bird 
using the ‘convex hull’ tool in ArcMap 10. The area of each habitat type and total area within 
each polygon were calculated using the ArcGIS ‘calculate geometry’ tool to identify habitats 
used and determine size of ‘home range’. To obtain the point data, GPS locations for 
individual birds were intersected with the habitat features on the habitat map (see Chapter 2) 
using ArcGIS. The percentage occurrence of each habitat feature was calculated for each bird. 
No correction for potential GPS error was made in this analysis. Correlations between home 
range size and body mass, body mass change and δ13C and δ15N were plotted and assessed 
with linear regressions with a significance level of p<0.05. The influence of habitat use on δ13C, 
δ15N, and body mass of pāteke was explored using principal component analysis (PCA) carried 
out using the ‘R’ software package. PCA allows researchers to reduce the dimensionality of 
large multivariate datasets by replacing the original variables with a smaller number of 
derived variables (Jolliffe, 2014). This characteristic of PCAs was deemed the most appropriate 
way to analyse the dataset in this study to reduce the high number of habitat features used as 
variables. Two habitat data sets were used individually; the first was the range of the 
individual pāteke using 100% MCPs, and the second using point data collected from GPS units.  
For each of these methods δ13C, δ15N and body mass of birds were individually overlaid in 
contours to illustrate the influence of habitat feature on each variable. The significance of the 
influence from the principal components (habitat features) on each variable (body mass and 
isotopic values) were then determined. Due to the unexpected rate of tag failure, there was 
sufficient isotope and GPS data obtained for only three of the Mimiwhangata pāteke. 
Therefore, statistical analysis explored the relationship between habitat and body mass, not 
habitat and isotopes, for the Mimiwhangata population. All statistical tests were performed 






Influence of home range size on body mass and diet of pāteke 
In this study ‘home range’ refers to ‘area used’ as there were insufficient data points for some 
birds to calculate less than 100% MCPs. These data points show all the recorded areas visited 
by each bird during the study period, and may represent an area larger than the birds’ actual 
home ranges because of inclusion of additional locations visited, but not regularly frequented 
(Gallerani Lawson and Rodgers, 1977), or a larger area than what is actually used being 
represented. The positive association between home range size and body mass of 
Mimiwhangata pāteke was significant (p=0.0076) (n=6), indicating that pāteke with larger 
home range sizes were heavier than those with a smaller home range. However, this result is 
indicative only of a possible trend, as the number of pāteke sampled was low (n=6). 
Additionally, one large bird appeared to be influencing the result. If this individual was 
excluded there was no trend evident. There was a limited sample size to identify any 
relationship in body mass change over the course of the study and habitat use (n=5). 
However, a positive, non-significant, trend was revealed with increasing home range size 
being associated with either less weight loss, or with weight gain (p=0.0518). Removal of the 
‘extreme’ outliers eliminated one bird from the Mimiwhangata population analysis (5546_63, 
Map 15). This individual was travelling a large distance between a flock site and a feeding 
area. Although it was one of the heaviest birds at Mimiwhangata, it died during the study 
period. Isotopic ratios and home range size could not be compared for the Mimiwhangata 
birds as there were too few birds for which both GPS and isotope data could be obtained. 
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Figure 53 Home range size and the influence on weight (n=5) (a) and weight change (n=6) (b) of 
individual pāteke from Mimiwhangata. Data shown is of the five birds with enough collected data for a 




Map 15 Home-range of seven Mimiwhangata pāteke using 100% MCP. 
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Two extreme outliers were removed from the Okiwi data because they were suspected to be 
gravid.  There was no relationship between home range size and body mass for the Okiwi 
population (p=0.256, n=13) (Figure 54a), or home range size and body mass change (p=0.880, 
n=5) (Figure 54b). Home range size strongly influenced δ13C ratios in Okiwi pāteke (n=9, 
p=0.0014), with declining levels correlated with increasing home range size (Figure 55a). 
Home range size had no influence on δ15N ratios for Okiwi birds (p=0.929) (Figure 55b). 
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Figure 54 Correlation between home range size on weight (g) (n=13) (a) and change in weight (n=6) (b) 
of Okiwi pāteke. Weight was not influenced by the home range size.  
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Figure 55 Negative relationship between home range size and δ13C (n=9) with an increase in home range 
size being associated with a decrease in δ13C (a). Home range and δ15N of Okiwi pāteke shows no 




Map 16 Okiwi Basin study site showing the home range of 15 pāteke as determined by MCP of all 
collected GPS data points for each pāteke. 
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Influence of habitat type on body mass 
Body mass of the Mimiwhangata pāteke was not found to be correlated to habitat types 
within the home range of individuals when home range was defined using MCPs (PC1 p=0.322, 
PC2 p=0.769, PC1:PC2 p=0.692). There was slight correlation between heavier birds and 
habitats containing buildings, roads and tussocks (Figure 56), however this was correlation 
was strongly influenced by one pāteke with large amounts of these habitats in its home range. 
PCA based on GPS points also identified that there was no significant correlation between bird 
body mass and habitat type used for the Mimiwhangata population (Figure 57), but did show 














Figure 56 PCA results derived from 100% MCPs for Mimiwhangata pāteke with black dots representing 
individual pāteke and contour lines illustrating the influence of the principal components on weight, B = 
Building, FT = Farm Track, NF = Native Forest, Pa = Paddock, Po = Pond, R = Road, S = Stream, SE = 
Stream Ephemeral, T = Tree, TS =Trees, Tu=Tussock, UPA=Ungrazed Planted Area, W = Wetland. For full 
table see Chapter 2. 
  




Paddock Pond Road Stream 
PC1 0.45 -0.26 -0.07 -0.24 -0.02 0.45 -0.19 
PC2 0.10 0.20 -0.18 0.37 0.28 0.11 0.42 
 Stream 
Eph. 
Tree Trees Tussock Ungrazed 
Planted Area 
Wetland  
PC1 0.13 0.04 0.21 0.45 0.4 -0.02  




  Native 
Forest 
Paddock Pond Road Stram Streap 
Eph 
Tree Treess Ungrazed 
Planted Area 
Wetland 
PC1 0.46 -0.26 -0.07 -0.24 -0.02 0.45 -0.19 0.13 0.04 0.21 





Principal component analysis using 100% MCP to determine habitat use for individual birds at 
Okiwi showed no significant relationships between body mass and the habitat type used (PC1 
p=0.0959, PC2 p=0.8873, C1:PC2 p=0.7133) (Figure 58). However, the heavier birds were 
within the lower left section of the plot, showing a non-significant increased use of areas 
containing wetlands, ephemeral streams and estuarine habitats. This was also reflected in the 
point data model (Figure 59). There was no significant relationship between δ13C ratios habitat 
Figure 57 PCA results derived from point data for Mimiwhangata pāteke with black dots representing 
individual pāteke and contour lines illustrating the influence of the principal components on weight, B = 
Building, F = Farm Track, NF = Native Forest, PK = Paddock, P = Pond, RD = Road, S = Stream, SE = Stream 
Ephemeral, T = Tree, TS =Trees, TK=Tussock, UPA=Ungrazed Planted Area, WD = Wetland. For full table 
see Chapter 2. 
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types (PC1 p=0.0551, PC2 p=0.01215, PC1:PC2, p=0.1552), however there was a trend for 
higher carbon level in birds using habitats with increased portions of PC1.  There was no 
relationship between  δ15N and proportions of the principal components (PC1 p=0.904, PC2 
p=0.616, PC1:PC2 p=0.629). 
 




Pond Residential Road Rocky 
Shore 
PC1 -0.060 0.367 0.264 0.281 -0.013 0.117 -0.115 0.368 0.109 0.368 
PC2 -0.331 -0.054 0.086 0.031 0.252 0.080 0.256 -0.045 0.060 -0.045 
 Stream Stream 
Ephemeral 









PC1 0.052 -0.100 0.388 -0.018 -0.094 0.248 -0.026 -0.079 0.368  
PC2 -0.347 -0.387 -0.019 0.324 0.272 0.053 -0.399 -0.350 -0.045  
 
Figure 58 PCA of pāteke habitat use and the influence of habitat type on weight of Okiwi birds. Habitat 
obtained with 100% MCP AS= Airstrip, BS= Beach Sand, B = Building, NF = Native Forest, P = Paddock, PB 
= Paddock boggy, Pond= Pond, R = Residential yard, Rd = Road, RS = Rocky Shore, S = Stream, SE = 
Stream Ephemeral, T = Tree (single), TS = Group of Trees, UGP = Ungrazed Paddock, UVA = Ungrazed 






Forest Paddock Paddock 
Boggy 
Pond Road Stream Stream 
Ephemeral 
PC1 0.097 0.403 0.393 0.386 -0.009 0.401 0.270 -0.040 
PC2 0.519 -0.061 -0.132 -0.135 -0.115 -0.164 0.398 0.108 









PC1 -0.071 0.364 0.382 -0.009 0.055 -0.055 -0.024  
PC2 -0.093 0.250 -0.194 -0.009 0.551 0.177 0.194  
 
 
Figure 59 Influence of Okiwi pāteke habitat on weight using point data to obtain habitat use. Contour 
lines represent weight (g), point indicate individual pāteke and habitat codes are as follows:  BS= Beach 
Sand, Pa = Paddock, PB = Paddock boggy, Po= Pond, R = Residential yard, S = Stream, SE = Stream 
Ephemeral, T = Tree (single), TS = Group of Trees, UGPa = Ungrazed Paddock, UVA = Ungrazed 




Isotopic ratios and habitat use information was only available for the Okiwi population 
because tag failure at Mimiwhangata excluded most Mimiwhangata birds that isotopic data 
was collected for. For the Okiwi pāteke population there was no significant relationship 
between δ13C ratios and habitat types (PC1 p=0.0551, PC2 p=0.01215, PC1:PC2 p=0.1552 ). 
The close proximity of the countour lines between the points in Figure 60 illustrates the large 
range of δ13C values in each habitat feature.  There was no relationship between  δ15N and 
proportions of the principal components (PC1 p=0.904, PC2 p=0.616, PC1:PC2 p=0.629) with 
each of the habitat types showing  a range of δ15N values (Figure 61). 
 
 








The samples sizes available for analysis were limited, and many of the results are only 
‘indicative’ of trends. However, PCA analysis with samples sizes of groups smaller than those 
in this study have been found significant (Rawlence et al., 2016). This suggests that while 
these samples are not ideal, they may still be useful in providing information on the 
relationships between habitat use and diet. The reason for the restricted samples size was a 
combination of high death rates of study birds at Okiwi, and higher than expected GPS tag 
failure rates. As birds were sampled for isotopic signatures only during two sample periods per 
site, the deaths and tag failures resulted in an even lower sample of birds for which both GPS 
and isotopic data were available. 
 
There was a correlation between large home range and body mass for the Mimiwhangata 
population, which was also present, but not significant in the Okiwi population. The small 
sample size meant that each of these samples were heavily influenced by one or two large 
individuals, which when removed left no indication of a trend. In mallard ducklings wider 
movements are associated with smaller body size and lower food availability (Nummi et al., 
2000), so while the area used by pāteke appeared to either show no difference in size or be 
larger with increased body mass, the amount of foraging time and the movement of birds may 
give a clearer indication of the presence of any nutritional pressures. Many of the heavier 
birds were adults, which may have been visiting flock sites to find a mate, or may have had 
knowledge of high-quality feeding areas away from their roost sites. Primate species (Nagy-
Reis and Setz, 2017) and seabirds (Angel et al., 2016) travel less in times of lower food quality 
or restriction, instead widening their diet and reducing high energy activities, such as travel, to 
use their immediate home range more intensively. In ungulates there is no relationship 
between home range size and diet; instead the home range is dictated by the habitat features 
within the area (Ofstad et al., 2016). It seems plausible that a combination of the two factors 
is influencing pāteke home range, with birds that hold high-quality or desired areas, 
specifically ponds (see Chapter 2), having smaller home ranges than those without pond 
territories. There are also many individuals that roost in forest, instead of ponds, that have 
small home ranges. These birds tend to be of lower body mass, supporting the idea that only 
birds with sufficient energy sources to facilite a larger body mass, and presumably better 
health, are able to move larger distances regularly. However, the birds with higher δ13C also 
had smaller home ranges. In Jays this was found to be related to high energy diets (from 
humans) resulting in less foraging activity (West et al., 2016). For the pāteke however, tag 
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failure meant there were no home range data available for the individuals with the highest 
δ13C values, and in the area frequented by people. Observations from VHF sampling of the 
birds during the study period do indicate that these birds were always within a relatively short 
distance of their initial tagging site. 
 
There was a highly significant relationship between home range size and δ13C of Okiwi pāteke, 
although there appears to be no relationship between the habitat  features within the birds’ 
range and δ13C values. This may be because the patchy nature of the habitat and the large size 
of some bird’s areas included most possible habitat features without them all being used, or 
that the birds were foraging on similar sources regardless of habitat type. Consequently, any 
variation is individual variation and not related to the habitat features used by the population 
(Toscano et al., 2016). It seems most likely that the patchiness and size of the habitat  
influenced results, as different family groups in different habitats had varying isotopic ratios 
(see Chapter 4), however sample size limitations prevented testing this relationship. Although 
there was a lack of statistical support, the plots appear to show a preference for wetands and 
ephemeral wet areas for heavier birds. Birds with lower δ13C ratios are also associated with 
these areas, suggesting the diet in these areas may also be different and could be correlated 
with the heavier body mass. 
 
The suggested preference for roads and buildings was not likely to be because birds were 
actively selecting these areas, but because the ponds they were using are close to these high-
use areas for humans. Because pāteke can fly and travel large distances, not all habitats within 
the range are used and not all point locations indicate pāteke presence, since pāteke may 
have been in flight over a habitat feature at the time of the GPS fix. It is therefore assumed 
that these errors are reduced with increased numbers of fixes, reducing the proportion of 





Section 2: Diet of pāteke at Okiwi and Mimiwhangata  
Discussion 
The results of this study indicate that the pāteke at Okiwi are foraging on different sources to 
that of the pāteke at Mimiwhangata. The difference is sufficient to suggest that while there is 
dietary overlap between the populations, there is probably a different realised niche for at 
least some individuals at each population. It also appears that the difference between 
populations may be due to imbalanced ecological opportunity, and not just poor foraging 
choices. Although there is less of the preferred habitat (ponds) at Okiwi (Chapter 2), the 
habitat features used within the sites did not appear to strongly influence diet (Chapter 6). 
Additionally, given the wide range of diets within each population, and that the intra-
population variation exceeds the inter-population variation, it seems unlikely that all birds at 
Okiwi were choosing not to forage on a particular source type. It is more plausible that there is 
actually a difference in ecological opportunity between the locations in the form of prey 
sources. While there is a large overlap in their diet, and the Okiwi birds appear to have more 
variation in their δ13C ratios, this increased variation is the result of one individual. The pāteke 
at Mimiwhangata showed a much more diverse diet and were foraging at a higher trophic 
level. The models indicate that the main difference was the ratios of invertebrates to plants, 
with the Mimiwhangata assimilated diet averaging 79% animal, most of which was terrestrial 
invertebrates. Although there were no successful mixing models created for Okiwi, the 
isotopic ratios when compared to those from Mimiwhangata suggest that terrestrial plants 
may have been contributing up to 50% of the Okiwi diet, compared with approximately 15% at 
Mimiwhangata. Freshwater invertebrates were not collected for the Mimiwhangata site in this 
study as they were not located in any of the streams after multiple sampling attempts. 
However freshwater invertebrates could be contributing to the diet from ponds, or may have 
just been missed in the sampling. 
 
The variation between the adults and the juveniles at Okiwi may be more likely a result of 
foraging inexperience and inefficiency (Reinecke et al., 1982). The restriction in dietary range 
was even more evident between Okiwi juveniles and adults than between populations. The 
young birds had hugely reduced variation in their diet when compared to adults. The juveniles 
were feeding at a lower trophic level, but they were also showing greatly reduced variation in 
their δ13C, suggesting that they were foraging on a very narrow range of prey types. The 
juveniles in this study were foraging with adults, and although there were only three adults 
confirmed to be with juvenile groups, they didn’t appear to display the same limited diet. The 
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juveniles may be suffering from starvation because they are foraging on such a narrow range 
of sources and are not maximising the available food sources (Petrides, 1975). 
 
Since heavier birds had higher δ15N at the species level as well as at the population level, 
nutritional stress is most likely manifesting as a δ15N deficiency in pāteke. In this case, it is 
highly possible that the juveniles at Okiwi are suffering from nutritional stress earlier than 
previously expected. Okiwi juveniles have been confirmed to be dying from starvation once 
reaching independence from adults. However, these results could indicate that starvation is 
happing while the individuals are still in their family groups. 
 
Variation in diet between sexes has been hypothesised to allow for less competition between 
pairs (Wiens and Rotenberry, 1979, Sealander, 1966).  The Mimiwhangata population 
appeared to show sexual variation in diet, with females predicted to have higher amounts of 
invertebrates and less plant matter in their diet than males (Chapter 5). This difference was 
not observed in the Okiwi population, but it may be that the invertebrates were not available 
for this variation to occur. It is unlikely that the variation observed at Mimiwhangata is due to 
habitat as there were both males and females sampled at most areas within the reserve. It is 
possible that there was some error in the sexing of birds, as cloacal exams of pāteke have 
been found to have questionable accuracy when done alone (Dumbell et al., 1988). It is not 
expected that this potential error would have had a large impact on the data set as DOC 
rangers recorded measurements of each bird and no concerns were identified; however, no 
intentional comparisons were carried out. This difference in diet may be evidence of sexual 
variation in the diet of a healthy pāteke population. The variation observed is not just in the 
median values, but within the range of diets. The males appear to have a larger range of 
potential contribution from sources than females, which is suggesting that there could be 
higher levels of individual variation within male birds than females. 
 
I suspect there are food limitations, most likely at the invertebrate level, for Okiwi pāteke. This 
may be caused by climatic conditions, lack of ideal habitat or fertiliser treatment of paddocks, 
or even birds damaging their food supply when they were high in number. Use of fertilisers in 
the UK were found to reduce the number of invertebrates through reducing the amount of 
diversity in the grass species (McCracken and Tallowin 2004). While this benefits some species 
that prefer the high nitrogen grasses (Owen et al., 1977), if this is occurring at Okiwi it may be 
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a potential cause of the starvation. To determine if prey availability is a problem, a study on 
the time that individuals spend foraging at each site could be revealing. 
 
The variation may be niche and may be long standing. Comparison of isotopic values in 
feathers from older populations could help determine if the starvation is a result of a decrease 
in a specific food source or if the Okiwi birds had a different diet to the Mimiwhangata 
population prior to the extremely high starvation rate.  Looking at the time spent foraging for 
juveniles and adults, and between populations could help determine if predator avoidance is 




Section 3, Chapter 7: Correlates of Pāteke Survival 
What resource variables affect the chances of survival of Okiwi 
pāteke? 
Introduction 
In this chapter I explore correlations between diet differences and the higher number of 
pāteke deaths at Okiwi than at Mimiwhangata.  I compare the habitat use, body mass, and age 
of birds that died during the study, to those that survived. The aim of this chapter is to explore 
underlying causes of the starvation rates of Okiwi juvenile birds to determine if these are most 
probably due to a lack of resources, or due to foraging choices by individuals. 
 
Understanding the stochastic and deterministic processes that might increase the risk of 
extinction is necessary to guide species conservation at the population level (Sibly and Hone, 
2002, Garshelis, 2000). These influences can affect different populations of the same species 
in different ways, based on factors such as the population size, diversity, habitat patch size, 
and isolation (Hanski, 1991). Deterministic factors such as habitat loss, predation from 
introduced species, and competition are well-documented causes of population and species 
decline in larger populations, with stochastic influences such as disease being particularly 
damaging to smaller populations (Lacy, 1993). 
 
A difference in survival rates between populations has been observed in the New Zealand 
pāteke (Barker and Williams, 2002, Watts et al., 2016, O'Connor et al., 2007).  Great Barrier 
Island and Eastern Northland each contain significant populations of pāteke, however, while 
both areas are considered key ‘strongholds’ for the species, survival rates between the two 
differ (see Chapter 1, Introduction). The population in Northland appears to be stable, 
whereas the population on GBI is decreasing (Watts et al., 2016, O'Connor et al., 2007). The 
decline of pāteke on GBI appears to be due to the alarmingly high losses of juveniles to 
starvation, accounting for 16-20% of monitored pāteke deaths, and second only to predation 
(51%) as a cause of mortality (Watts et al., 2016). Starvation has not been recorded as a major 
source of mortality in the Mimiwhangata pāteke, nor any other pāteke population. The 
relationship between predation and population decline is well documented (O'Donnell et al., 
2015, Watts et al., 2016), with trapping able to halt, or even reverse population declines in 
pāteke (Watts et al., 2016). However, the underlying cause of the GBI starvation remains 
unclear (O'Connor et al., 2007, Watts et al., 2016). Starvation at Great Barrier was first 
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suggested as a possible cause of duckling decline in 2002 by Barker and Williams (2002), and 
was later supported by Moore and Battley (2003) after being observed in both wild and 
captive-reared released birds. In Chapter four of this study the two pāteke populations were 
identified as possibly having different diets. This is most probably because there are fewer 
invertebrates in the Okiwi pāteke population’s diet (Chapter 6). The cause of this variation is 
unclear; pāteke may be selecting different prey sources, or the availability of prey may not be 
the same at each location. Either of these scenarios could have several underlying causes. 
 
Weather events are known to cause declines in waterfowl, with starvation in waterfowl 
species overseas associated with extremely cold periods due to food restriction (Suter and 
Van Eerden, 1992, Stout and Conwell, 1976). In New Zealand, starvation of pāteke also  
appears to be exacerbated by prolonged dry, hot weather, causing droughts (Barker and 
Williams, 2002), which would have a similar food-limiting effect as the cold periods, thus 
producing a potential population-limiting stressor. Dry spells are known to cause food 
shortages and contribute to starvation, as well as increasing vulnerability to predators by 
constricting area of use and requiring day-time foraging (O’Connor et al 2007). The starvation 
occurring at Okiwi has not been found to occur at Mimiwhangata despite both sites having 
exceptionally dry summers during this study period (<14mm rainfall at each location Jan 
2012). Therefore, it is possible that there is a resource, or behaviour, at Mimiwhangata that 
allows the pāteke to better survive these dry periods. As discussed in Chapter three, it is also 
possible that the pāteke on GBI are making inappropriate food choices or that the starvation is 
behaviourally driven in response to predation risk. 
 
Selection of foraging sites may also be influenced by ‘ecological traps’ or ‘perceptual traps’ 
(see Chapter 2) (Schlaepfer et al., 2002b). These ‘traps’ occur when the environmental cues an 
animal uses to determine a resource’s suitability do not accurately reflective the actual quality 
of that resource (Battin, 2004, Clark and Shutler, 1999, Schlaepfer et al., 2002a, Gilroy and 
Sutherland, 2007). This can occur when modification changes the quality, but not the 
‘appearance’ of the resource. If this is occurring in pāteke habitat it may cause the pāteke to 
incorrectly identify inappropriate areas as suitable foraging habitat, resulting in the birds 
either selecting poor resources which appear valuable, or rejecting quality areas perceived to 




It is also possible that the relatively large pāteke population on Great Barrier Island is near 
carrying capacity (Barker and Williams, 2002). Although the population was historically larger 
on the island (Barker and Williams, 2002), recent land modifications, or climatic events, may 
have altered the carrying capacity of the area by reducing the quality of the habitat (or 
appearing to) and/or restricting food availability. 
 
In any of these situations, nutritional stress could be exacerbated in young birds as a result of 
reduced feeding efficiency or poor prey selection through lack of foraging experience 
(Reinecke et al., 1982). Optimal foraging theory predicts that individuals should adopt the 
strategy that maximizes the net rate of energy intake (Petrides, 1975). This is based on food 
sources not being evenly distributed throughout an animal’s habitat, nor all potential sources 
being of equal value to an animal. Some foods might be abundant but less nutritious, or 
require more effort to attain and process. Therefore, animals need to make decisions about 
where to forage, what to forage on, and how much time to invest in foraging (Segal and Xiao, 
2011). Age-related nutritional stress has been observed in other waterfowl (Reinecke et al., 
1982), therefore inexperience could result in pāteke juveniles making poor food choices, or 
being inefficient at foraging. 
 
The juveniles may be further disadvantaged during periods of restricted resources by intra-
specific competition. Adults are known to be extremely aggressive towards juveniles, evicting 
them from territories once it is time for independence (Williams, 2001). Competition for 
available resources may be forcing juveniles into less profitable habitats which can result in 
increased movement to find food (Nummi et al., 2000) exposing the individuals to increased 
predation (Newton, 1998). Predation and starvation can be linked, with additional foraging 
time increasing exposure to predators, or avoidance of predators reducing foraging time 
(McNamara, 1987). Therefore, starvation may be a result of increased predation risk, 
perceived or actual, and not food selection or availability (Suter and Van Eerden, 1992, 
Lovvorn et al., 2013). 
 
High mortality rates and poor juvenile health would be expected after low rainfall if food 
shortage associated with dry conditions is a potential contributing factor. It is expected that if 
any individuals are under nutritional stress it should be evident in δ15N levels (McCue and 
Pollock, 2008, Sears et al., 2009). Because the juveniles were sampled while still with parents, 
similarities in δ13C would be expected within family groups, regardless of age, if foraging 
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habitat and not prey selection, is a part of the starvation issue. If juveniles are inefficient 
foragers or poor prey selectors, then δ15N and δ13C would be expected to vary from adults 
within family groups and the wider population.  If the drought conditions are affecting the 
entire Okiwi population and food supply, there should be little difference in body mass and 
δ13C/ δ15N between birds in different habitat types, as all areas will be reduced in food supply. 
If only specific areas are affected, then birds in those habitats would be expected to have 
different body mass and δ13C/ δ15N values.  It is predicted that birds that did not survive were 
in areas most affected by drought (if any) and were the birds displaying low body mass and 





Data used for this chapter were obtained during data collection for sections 1 and 2.  Unless 
specified all collection methods are as described in these sections. Twenty-nine pāteke were 
monitored at Mimiwhangata, and 40 at Okiwi. All capture and tagging techniques are 
described in Chapter 2. Cause of death was not able to be identified for the birds in this study 
(Chapter 3), therefore all dead birds were grouped together. Study birds were each 
categorised as ‘dead’ or ‘survived’ dependent on their status at the completion of the field 
study period. The mortality rate for each population was calculated as a percentage of the 
study birds classified as ‘dead’ in each population. 
 
Dietary information was obtained through collection of feather and blood samples and use of 
stable isotope analysis. Collection and processing of samples is detailed in Chapter 3. Using 
these methods δ15N and δ13C ratios were identified for the individual birds, and means 
determined for each population, sex, and age group, for both dead and surviving birds. 
Logistic regressions with a critical value of p=0.05 were performed in SPSS 23 and plotted 
using GraphPad Prism 7 to evaluate any correlation between δ15N or δ13C and body mass for 
individual birds. ANOVA’s were performed using SPSS to compare the isotopic ratios, age, and 
gender of surviving birds, with the dead birds. 
 
To identify any dietary shift over time, the isotopic ratio values obtained from blood and 
feathers were  mathematically corrected for the variation in discrimination value between the 
tissue types by 0.7‰ for δ15N, and 1.3‰ for δ13C (see Chapter 3) (Cherel et al., 2014). ANOVA 
with a critical value of 0.05 was applied to test for significance in variation that would be 
indicative of a diet shift (see Chapter 3). 
 
The ‘R’ software package was used to produce Principal Component Analyses (PCA) for each 
location, using the habitats within the range of the individual pāteke. To obtain the range, 
minimum convex polygons (MCPs) were created for each bird using the ‘convex hull’ tool in 
ArcMap 10 (see data collection methods detailed in Chapter 2). The area of each habitat type, 
as well as the total area within each polygon, was determined using the ArcGIS ‘calculate 
geometry’ tool, and the proportion of each was calculated. The proportion occurrence of each 
habitat type was calculated for each bird. No correction for potential GPS error was made in 
this analysis aside from the use of area, not just point data, which allows for the inclusion 
habitat features within the range of the GPS error. This analysis was used to identify the 
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habitat variables with the most influence on pāteke presence for individuals for which both 
diet and habitat data were available, but not for the entire study population. The influence of 
these variables on the body mass of pāteke was explored by plotting body mass (weight) as 
contour lines within the PCA plot. The model was then used to determine any influence 
habitat variables may have on survival by plotting the principal components against survival. 
Binary logistic regression using SPSS 23 with a critical value of 0.05 was applied to the size of 
the area used by each bird to detect difference between dead and surviving birds. Habitat 
area was determined by using ‘calculate geometry’ tool in ArcGIS to calculate the area of the 





Sixty-nine pāteke were monitored, 29 at Mimiwhangata and 40 at Okiwi (see Chapter 2). 
Survival was recorded for all recaptured or observed individuals, with both survival and 
isotope data collected for 16 Mimiwhangata pāteke and 36 Okiwi pāteke. 
 
One monitored bird died at Mimiwhangata and 15 died from the Okiwi population, 
representing a mortality rate of 3.4% and 37.5% for each study population, respectively. The 
dead pāteke at Mimiwhangata was an adult male of above average weight, which increased in 
weight by 25g over the study period. This individual used a flock site and spent time moving 
between the flock area and a foraging area. Map 17 illustrates the movement of the individual 
prior to death, showing the bird was moving between a small stream and a large pond flock 
area (note, additional location points for this bird collected earlier in the study were not 
included in this map to better show the movement immediately prior to death). This 
individual travelled the largest distance of any pāteke at this location. 
 
Of the 15 dead birds at Okiwi, 10 were juveniles, four were adults, and one was age unknown. 
Sex was confirmed for five of the individuals, three adult females, one adult male and one 
juvenile male. Five of the individuals were tagged during the February tagging, and the other 
10 in the October tagging. All dead adult Okiwi birds were below the mean weight identified 
for Okiwi in this study during their initial weighing. Once the outlier was removed (the gravid 
bird), the mean weight of dead juveniles was below that of the surviving juveniles, however 
three of the nine dead birds were above the 550g average weight for juvenile birds. Necropsy 
reports were inconclusive, but some signs of scavenging were identified (see Chapter 3). 
Habitat use and movement data were not collected for all individuals due to equipment 
failure. The habitats used by individual birds are illustrated in Map 18. The initial capture 
locations of each of the dead birds varied, as did the observed habitat use in post-tagging VHF 
monitoring. Three family groups were monitored at Okiwi during the study, all having at least 





Map 17 Movement of Pāteke '63' prior to death showing the relatively large distance this individual 




Map 18 Area used by surviving and by dead pāteke at Okiwi. Each polygon represents the 100% MCP of 





When comparing the data from the combined populations there was no decrease in survival, 
determined by number of deaths, correlated with age (p=0.949), sex (p=0.798), or body mass 
(p=0.579). When considering only the Okiwi population, age was the strongest determinant of 
survival, with adults being significantly more likely to survive than juveniles (p=0.003) (Figure 
62).  There was no significant relationship between survival and body mass of juveniles 
(p=0.861) (Figure 63). Sex of the juveniles had no influence on survival (p=0.344) (Figure 64). 
There was no trend in survival between Okiwi pāteke with differing home range size (p=0.147) 
(Map 18) nor based on initial capture locations (p=0.111). 
 

















D e a d S u rv ive d
 
Figure 62 Percentage of adult and juvenile pāteke from the Okiwi study population that were either alive 
or dead at the end of the study period.  
 
















Figure 63 Body mass of juvenile Okiwi pāteke which were dead or alive at the end of the study period. 
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D e a d S u rv ive d
 
Figure 64 Percentage of male and female pāteke from the Okiwi study population that were alive or 
dead at the end of the study period. 
 
Survival of the Okiwi pāteke population was not influenced by diet, with neither δ13C 
(p=0.335) nor δ15N (p=0.557) (Figure 65) being significantly different for surviving and dead 
birds. Dead pāteke had slightly less variation in their diet than the group that survived. There 
was no correlation between Okiwi juvenile survival and δ15N ratios (p=0.742). There was no 
correlation between body mass and δ15N (p=0.650) or δ13C (p=0.4391) for dead or surviving 
pāteke (δ15N p=0.843, δ13C p=0.260). 
 













D e a d S u rv ive d
 
Figure 65 δ13C and δ15N ratios of surviving and dead Okiwi pāteke. 
 
Of 15 birds sampled for blood, five survived until the end of the sample period.  When 
comparing the isotopic ratios obtained from dead and surviving birds for the Okiwi population 
there was no difference between either δ13C (p=0.925) or δ15N (p=0.7515) values, however 































Figure 66 δ13C (a) and δ15N (b) values for surviving and deceased Okiwi pāteke.  
 
There was no shift in diet identified between the time periods represented by the two tissue 
types (blood and feather) for pāteke that died (δ15N p=0.308, δ13C p=0.611, n=10), survived 
(δ15N p=0.745, δ13C p=0.7168, n= 5), or dead juveniles (δ15N 0.412, δ13C p=0.479). Other 
categories, surviving juvenile and adults, had insufficient sample size for analysis. 
 
Principal component analysis was performed only for the Okiwi population as there were 
insufficient data for the Mimiwhangata birds. When increasing the proportions of either PC1 
or PC2 there was no increased probability of survival (PC1, Figure 67a, p=0.601, PC2, Figure 
67b, p=0.979 ). Increasing both PC1 and PC2 shows a slight, but insignificant, increase in 
survival (PC1:PC2 p=0.124). The individual habitat features associated with higher survival 
were ponds, followed by ungrazed paddock areas. The birds had the lowest probability of 
survival in ephemeral streams, ungrazed vegetated areas, near buildings and in the estuary. 
Paddocks show a slighly decreased change of surviving. Survival probability only slightly 




(a) (b)  
Figure 67 Survival rates and habitat selected by Okiwi pāteke -PC1 (a) and PC2 (b). 
 
 
Figure 68 PCA showing probability of survival with use of the key habitat features for the Okiwi 
population. BS= Beach Sand, Pa = Paddock, PB = Paddock boggy, Po= Pond, R = Residential yard, S = 
Stream, SE = Stream Ephemeral, T = Tree (single), TS = Group of Trees, UGPa = Ungrazed Paddock, UVA = 




The Okiwi population was found to have a significantly lower survival rate than the 
Mimiwhangata pāteke population. This may have been due to the disproportionate number of 
juveniles in each sample, as age was found to be the most reliable predictor of survival, with 
juveniles being significantly less likely to survive than adults. 
 
Although cause of death  was not determined in this study, for the Okiwi population starvation 
has been found to be responsible for 16% of deaths, with predation accounting for 56% 
(Watts et al., 2016). If these, or similar, ratios were represented in this dataset, then juveniles 
at Okiwi are potentially more vulnerable than adults to all causes of death, not just starvation. 
 
There was no significant correlation between home range size and survival identified in the 
Okiwi population. However, the birds with the largest home ranges, and the birds that that 
travelled the most distance between locations within their range, did not survive. Although 
not significant, this trend further supports the suggestion in Section 2, Chapter 6 that birds 
that holding high-quality or desired areas have smaller home ranges than those with less 
desirable habitat features. This trend coupled with the correlation between decreased δ13C  
and increased home range size could indicate that pateke experience food shortages may 
increase their home range to forage, as found in mallards by Nummi et al. (2000). 
 
There was no difference between either δ13C or δ15N values between dead and surviving birds 
at Okiwi, suggesting that there was no recent nutritional stress, nor difference in diet, for the 
dead birds compared with the surviving birds. This could be because the whole population 
was suffering from nutritional stress, or that the other causes of death (e.g. predation) were 
uncorrelated with starvation. As several young birds with relatively high-quality diets for Okiwi 
died, it suggests that nutritional stress is not the sole cause of the high mortality rate in the 
population.  However, dead pāteke had a non-significant trend for less variation in their diet 
than the group that survived, with all birds still having a lower quality diet than the 
Mimiwhangata population. Juveniles were shown in Section 2 of this study to have a more 
restricted diet than adults. If these individuals were in areas with less predator protection (or 
perceived predator protection) it may be that reluctance to increase predator exposure could 
be causing pāteke to reduce foraging time, or areas travelled to, be more conservative with 
where they forage, or abandon foraging if disturbed. It may also be that exclusion by con-




Use is not always indicative of habitat quality, for example, an individual may be restricted by 
what is available, or by other individuals, competitors, predators, or con-specifics, already in a 
key habitat type. For example, juvenile pāteke could be restricted from accessing the best 
habitats and thus accumulate in large numbers in the available poorer quality habitats (Van 
Horne, 1983, Williams, 2001). Additionally, populations can be affected by multiple stressors 
which interact synergistically (Lacy et al., 2013), habitats that provide the best food sources 
may also be those which leave the birds more vulnerable to predation, or the birds under 
nutritional stress could also be those most susceptible to predation. Without knowing the 
cause of death of pāteke from each habitat type it is not possible to determine the reasons for 
the variation in survival probability in each area. However, combining body mass and isotopic 
data with survival, presence and habitat data allows inferences to be made. 
 
Although birds in ponds may have better access to freshwater food sources, the body mass of 
Okiwi pāteke using ponds is, on average, in the middle of the population’s weight range 
(Chapter 6). This suggests that pāteke may be prefering this habitat type for predator 
avoidance and not as a food source. Paddocks carry an almost neutral probability of survival 
which would be expected as the most common habitat feature used by pāteke. Wetlands, as a 
preferred habitat, were expected to have high survival rates, however the survival probability 
was only slightly higher than no influence. The pāteke utilising wetland areas were heavier 
than birds foraging in other habitats, which suggests that the wetlands provide a good food 
source, but are possibly leaving the pāteke vulnerable to other causes of death. However, as a 
foraging site, not a roosting site, the risk of death would be expected to be higher in wetlands 
than ponds or forest. The birds had the lowest probability of survival in ephemeral streams, 
ungrazed vegetated areas, near buildings and in the estuary. These areas were associated with 
a range of weights, and isotopic raitos, but had a low sample size for presence, so were 
probably heavily influenced by one bird. Regardless, these areas  would be expected  to have 
higher levels of predation due to proximity to houses and lack of cover for birds. Areas with 
ephemeral streams may have been areas that in previous years provided food sources for the 
birds using them, however following the record low rainfall during the study period these sites 
would have been dry, essentially eliminating this habitat feature as a foraging area. 
 
The habitats with a negative association with pāteke presence, or the least likely to have 
pāteke present, were roads, sandy beaches, rocky shores and road verges, however these 
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were not the ones with the lowest probability of survival, and were just slightly below no 
influence. They were associated with birds of lower weights (see Chapter 6). The survival 
probability modelled for these habitats is also likely to be inaccurate as the model appears to 
be largely influenced by one presence point, with no other birds using these areas in the 
model. 
 
During this study, the only bird at Mimiwhangata that died was also the only one travelling 
long distances to a flock site. This individual travelled the furthest of any bird at 
Mimiwhangata.  The reason for his travel is unclear, but seems likely that it was to find a mate 
as he returned to the same foraging habitat each day and was in good health, thus suggesting 
his territory was of at least reasonable quality. The likely cause of death for this bird was 
predation given his weight gain throughout the study. His territory was near a building, with 
ephemeral steams and he had no pond, or other protective water body. The model produced 
for the Okiwi population’s survival probability suggests that this combination of habitat 
features may decrease an individual’s probability of survival. He did have a stream, which may 
have provided limited predator protection, but it lacked riparian plantings. 
 
Although this study explores the correlations between resource selection and survival for 
pāteke, causes of deaths were not able to be confirmed.  Specifically, the birds that died of 
starvation were not able to be isolated from those that died of other causes and thus the 
underlying cause of the starvation was not identified. This was because the time delay 
between collecting the dead birds and death allowed for decomposition. Birds were 
monitored daily after attachment of tags for 2 weeks, however no birds died in this time.  Tag 
failures meant that many dead birds were unable to be located easily, requiring dogs to be 
brought to the field site to locate them. There were also constraints on how regularly the birds 
could be monitored which often meant bodies were not retrieved before decomposition. This 
study has demonstrated that habitat choice is occurring (Jones, 2001), and that there are 
correlations between the use of some habitats and survival for the Okiwi pāteke, however, the 
mechanisms of this are not able to be determined. Comparison of habitat choices and the 
fitness of birds in each habitat type, as well as identification of cause of death of any dead 
birds will help better determine not just why birds are selecting each of these habitats, but 
what the consequences for each habitat choice is for the birds, and to determine if there are 
specific habitat features in a bird’s territory that are likely to influence the rate of predation or 
starvation. Once identified, managers would have the option to alter the features or 
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otherwise mitigate the risk associated with the feature. Pāteke appear to be selecting for 
habitats (Chapter 2) that increase their probability of survival, which is most likely mediated 
by predator avoidance. Applying a model to determine fitness in relation to a habitat feature, 
or the collection of habitat features would allow the identification of optimal habitat types for 
pāteke (Clark and Shutler, 1999) and allow identification of areas or habitat features that 




Chapter 8: General Discussion 
Summary of key findings 
In this study I attempted to answer 16 questions on the resource selection and correlates of 
survival for pateke. Those questions were:  
1. What habitat features are being selected by pāteke at each location? 
2. Is there variation in habitat selection between populations? 
3. Are the habitats available to Okiwi pāteke the same as those available to the 
Mimiwhangata pāteke? 
4. What discrete environmental variables are influencing the probability of use of the 
preferred habitats? 
5. Are there differences in body mass between the populations? 
6. Is there a variation in body mass within populations? 
7. What are the primary food sources of pāteke? 
8. Are the birds at the two sites consuming the same prey? 
9. Do those birds with higher body mass eat the same food types as those with low body 
mass? 
10. Are adults at Okiwi feeding on the same prey items as juveniles at Okiwi? 
11. Is there a correlation between habitat use and diet? 
12. Is there a correlation between foraging range and body mass? 
13. Do birds that survive have the same diet as those that died?  
14. If there is a difference in diet, what is the difference? 
15. Do birds that survived use the same habitat features as those that died? 
16. Do birds that survived have the same home range size as birds that died? 
 
To answer the study questions, I identified and compared the habitats and food sources 
selected by pāteke at two locations, Mimiwhangata Coastal Reserve in Northland, and Okiwi 
Basin on Great Barrier Island (questions one and seven). Habitat preferences were found to be 
the same between populations (question two). However, the relative availability of preferred 
habitats between locations was unbalanced, with less of the preferred habitats being available 
at Okiwi (question three). Ponds were found to be the most strongly selected habitat type, 
with paddocks being the most commonly used. There was a strong preference for ponds with 
at least 50% of the bank area vegetated, but little influence on probability of use in relation to 
the other measured variables (question four). Pāteke showed a preference for paddocks that 
either had cattle present, or recently present. Forest interior was the least likely habitat type 
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to contain pāteke, with forest edges having a slightly higher probability than the interior, but 
only at Okiwi (question four). 
 
There was a significant difference in body mass between the two pāteke populations, with 
Mimiwhangata birds being 19% heavier than their Okiwi conspecifics (question five). The δ15N 
ratios were significantly higher for the Mimiwhangata birds, suggesting more animal sources, 
possibly invertebrates, in the diet of Mimiwhangata pateke (questions eight and nine). The 
Mimiwhangata females had a slightly different diet to that of the males, with higher δ15N 
ratios, and models suggesting more invertebrates in their diets than the diet of males. 
Additionally, the diet of Mimiwhangata pāteke was more varied than the diet of Okiwi birds 
(question eight). 
 
The Okiwi juvenile pāteke had lower δ15N levels than the adults, and their dietary range was 
more restricted than that of the adults (question 10). The most significant variable that 
correlated with survival for the Okiwi pāteke population was age. Adult pāteke at Okiwi were 
significantly more likely to survive than juveniles. Use of some habitat types (ponds and 
wetlands) contributed to a higher probability of survival (question 15). Sex, body mass, home 
range size, diet or initial capture location were not found to be correlated with pāteke survival 
(questions 13, 14 and 16). Ponds were associated with increased probability of survival, as 
were wetlands, but to a lesser extent (question 15). 
 
Implications of findings 
The multi-dimensional envelope in environmental space in which an animal does, or may live, 
is the realised or fundamental niche, respectively (Aarts et al., 2008). Pāteke provided an 
opportunity to explore the relationship between ecological opportunity and resource 
selection to determine (i) if there is difference in realised niche between two populations in 
functionally similar, but structurally differing habitats, or (ii) if the foraging strategy remains 
the same even under potentially less favourable conditions. This study has demonstrated that 
habitat choice is occurring (Jones, 2001), and that there are consequences to these choices for 
the Okiwi pāteke. It also revealed that despite the preferred habitats being the same for 
pāteke at each location, there is a difference in assimilated diet between the populations, and 
possibly between age and sex categories within populations.  However, the mechanisms of 




Despite the variation in available habitat between the two locations, the habitat models in this 
study indicate that pāteke from the two populations had the same habitat preferences. The 
variation in habitat use that was identified, for example, use of forest edges at Okiwi, may be 
due to limitations of relative availability when considering population size and the size of the 
study area. It is possible that although the pāteke at each site have similar preferences, when 
these preferred habitats are not available the Okiwi birds may be either making poor 
alternative choices, or be forced to use lower quality habitats. For example, forest edges used 
by Okiwi birds were used as roosting sites by birds without pond territories, whereas none of 
the Mimiwhangata birds chose forests for roosting even if ponds were unavailable. The small 
amount of forest use by Mimiwhangata birds was forest surrounding the individual birds’ 
pond roosting sites. 
 
Although habitat selection had minimal influence on overall survival of pāteke at Okiwi, some 
habitat features were associated with increased or decreased survival probability. Probability 
of survival was low for birds using forest habitats, whereas use of ponds was correlated with 
the highest probability of surviving, and wetlands had a slightly increased positive association 
with survival. The body mass of Okiwi pāteke using ponds were, on average, in the middle of 
the population’s range, thus pāteke may be prefering this habitat type for predator avoidance 
and not as a food source, and it is more likely that these survival rates are associated with 
predation than the observed pāteke starvation (Moore and Battley, 2003); however these two 
are not mutually exclusive (McNamara, 1987).  This suggests that habitat preference is not 
influenced by ‘ecological traps’ or ‘perceptual traps’ (see chapter 2) (Battin, 2004, Clark and 
Shutler, 1999, Schlaepfer et al., 2002a, Gilroy and Sutherland, 2007) for pāteke, however the 
mechanisms involved in selection of the habitats they are utilising when the preferred areas 
are not available are still unclear. Given that Okiwi was formerly considered a ‘stronghold’ for 
the pāteke population (Pierce et al., 2002), and their primary predators prior to human arrival 
were aerial, the selection of forest habitats may be to provide overhead cover during roosting 
(Barker and Williams, 2002). With the introduction of mammalian predators to New Zealand, 
forest edges no longer provide cover from predation, which may be leaving these individuals 
vulnerable. This shift in the predator – habitat association for the pāteke may have resulted in 
a form of ecological trap (Kristan, 2003). 
 
Although pāteke demonstrated a clear preference for specific habitat types, there were 
discrete variations that determined the actual selection of the individual habitat features.  
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Pāteke preferred ponds with at least 50% overhanging vegetation cover, and paddocks were 
preferred during or immediately following, cattle presence. There was also a preference for 
areas of paddock in close proximity to wet areas. Presence or absence of cattle did not predict 
pāteke presence at ponds as expected, but there was a slight trend for fenced ponds to be 
selected. This preference is most probably because of the vegetation cover also at the fenced 
sites, as unused, unfenced ponds (i.e. those with cattle) were also very sparse or lacking in 
vegetation cover. The preference for overhanging vegetation around ponds is not exclusive to 
pāteke and has been identified in other birds species (Hudson, 1983). Although the reason for 
this preference could not be determined in this study and there are potentially numerous 
advantages to vegetated ponds, e.g. increased food sources (Godin and Joyner, 1981). The 
correlation between overhanging cover and use supports the hypothesis that pāteke habitat 
selection is still influenced by their evolutionary history with aerial predators (Barker and 
Williams, 2002), as seeking refuge near banks is an ineffective predator avoidance response to 
New Zealand’s modern mammalian predators. 
 
In cryptic species, such as the pāteke, the collection of dietary information through 
conventional methods throughout their full range of habitats is often not possible (Barrett et 
al., 2007). Use of stable isotopes in this study proved effective as a means of comparing the 
diets of the two pāteke populations. The results of this study indicate that the pāteke at Okiwi 
are probably foraging on different sources to those used by the pāteke at Mimiwhangata. The 
difference is sufficient to suggest that while there is dietary overlap between the populations, 
there may be a different realised niche between populations. It also appears that the 
difference between populations may be due to imbalanced ecological opportunity, and not 
just poor foraging choices, however this could not be confirmed within the scope of this study. 
 
There are a number of variables that could be contributing to the relatively elevated δ15N in 
the Mimiwhangata pāteke population. For example, the δ15N values of mallard feathers have 
been found to be higher in areas of increased agricultural activity (Hebert and Wassenaar, 
2005, Hebert and Wassenaar, 2001), possibly caused by increased nitrogen in the ecosystem 
through use of fertilisers (Vitousek et al., 1997). However, if this was the cause of the 
increased δ15N in Mimiwhangata pāteke tissue compared with Okiwi pāteke, then the rest of 
the food-chain would be expected to show elevated levels also. The only source at 
Mimiwhangata with a higher δ15N than at Okiwi was buttercups, with other comparable 
sources having lower δ15N. Additionally, the increase in δ15N in a system can result in 
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increased 13C storage (Vitousek et al., 1997), there was no evidence if increased δ 13C in pāteke 
or sources at Mimiwhangata compared to Okiwi. Other potential causes such as climate, 
growth and nutritional stress (Sears et al., 2009, Williams et al., 2007) are either not applicable 
in this study, or would not sufficiently alter the δ15N to explain the large variation in ratios 
between populations, thus the most likely cause for the variation is a difference in diet 
between populations (Minagawa and Wada, 1984, Vanderklift and Ponsard, 2003). 
 
Although the model predictions from Okiwi in this study were unreliable, the predicted ratios 
suggested that there was higher plant content in the diet of Okiwi birds than Mimiwhangata 
birds: this would be expected as higher δ15N is associated with higher trophic levels 
(Minagawa and Wada, 1984, Vander Zanden and Rasmussen, 2001).  Given the wide range of 
diets within each population, and that the intra-population variation exceeded the inter-
population variation, it seems unlikely that all birds at Okiwi are choosing not to forage on a 
particular source type. It is more plausible that there is a difference in ecological opportunity 
between the locations in the form of prey sources. The models indicate that the main 
difference is the ratios of invertebrates to plants, with the Mimiwhangata assimilated diet 
averaging 79% animal, most of which is terrestrial invertebrates. Although the models were 
unreliable for Okiwi, they supported the hypothesis of the variation in δ15N being a result of a 
higher ratio of plants in the Okiwi pāteke diet. Plants were predicted to be contributing up to 
50% of the Okiwi pāteke diet, compared with approximately 15% at Mimiwhangata. 
Additionally, although Moore et al. (2006) revealed a wider dietary range for Great Barrier 
pāteke than Northland pāteke, they found insecta in only 33% of Great Barrier bird samples 
compared to 89% at Northland. 
 
Optimal foraging theory predicts that individuals should adopt the strategy that maximizes the 
net rate of energy intake (Petrides, 1975). Mimiwhangata pāteke were found to be ~19% 
heavier than Okiwi birds, despite a lack of genetic variation between populations (Watts et al., 
2016), and captive-reared birds sourced from Okiwi being no smaller than their Northland 
conspecifics (Watts et al., 2016). This supports the suggestion that the Okiwi birds are 
suffering from nutritional stress (Moore et al., 2006). Despite not being able to confirm the 
cause of the variation in diet within the scope of this study, a widespread variation in food 
availability between the sites seems the most likely cause of the variation. The lack of higher 
δ15N ratios in any of the Okiwi birds shows none were feeding on the same sources, or on the 
same plant:animal ratios, as the Mimiwhangata pāteke. This would be unlikely if the ecological 
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opportunity at the sites was balanced. If present, there are several potential causes of an 
overall food shortage, which are not mutually exclusive (Nummi et al., 2000). Long-term 
droughts, increased competition and a large population could reduce the carrying capacity of 
a once highly productive area (Newton, 1998). Additionally, competition from other species 
can exacerbate existing pressure on food resources causing a diet shift, a reduction in 
preferred foods, an overall food shortage, or restriction from preferred foraging areas 
(Robertson, 1973).  Overlap in pāteke diet and that of introduced pest species has been 
observed (Moore et al., 2006) and may contribute to food shortages, however restriction to 
foraging areas through competitors is unlikely due to the ‘assertive’ behaviour of pāteke 
(Williams, 2001). Throughout this study pāteke were observed in a full range of habitats with 
introduced competitors.  Additionally, if the latter were occurring, then habitat use would be 
expected to be different between sites as pāteke are displaced from favourable areas, and it is 
not. 
 
Variation in diet appears to be correlated with pāteke survival. Pāteke that died had less 
variation in their diet than the group that survived. The Okiwi population had lower dietary 
variation than the Mimiwhangata population, with Okiwi adults being found to have more 
variation in diet than juveniles. The Mimiwhangata population had the highest δ15N ratios and 
the largest range, with Okiwi birds having less variation and lower δ15N ratios. This may be an 
artefact of nutritional stress if this manifests in pāteke as a δ15N deficiency, and not 
enrichment  (Graves et al., 2012, Sears et al., 2009), or it could be that these birds are foraging 
on a more restricted diet. Given the size of the variation and the smaller body size of the Okiwi 
pāteke, I propose that both of these variables are contributing to the reduced δ15N ratios. Age-
related nutritional stress is known in waterfowl (Reinecke et al., 1982, Petrides, 1975) and 
may be the result of reduced feeding efficiency and poor prey selection through lack of 
foraging experience (Petrides, 1975) or, particularly in the case of the pāteke, intra-specific 
competition (Jeglinski et al., 2013, O'Connor et al., 2007, Moore and Battley, 2006). Adult 
pāteke are known to be extremely aggressive towards juveniles, evicting them from territories 
once it is time for independence (Williams, 2001). The juveniles were probably feeding at a 
lower trophic level to that of the adults, however they also had reduced variation in their δ13C, 
suggesting a narrow range of prey types. The juveniles in this study were foraging with adults, 
and although there were only three adults confirmed to be with juvenile groups, they did not 




The results of this study suggest that juvenile pāteke may be suffering from nutritional 
stressors at an earlier stage than previously observed (Moore and Battley, 2003, Williams, 
2001). Okiwi juveniles have been confirmed to be dying from starvation once reaching 
independence from adults (Williams, 2001). However, the weights and isotopic information in 
this study were collected while birds were in family groups, so the lower δ15N could indicate 
that starvation is happening prior to independence. 
 
Variation in diet between sexes has been hypothesised to allow for less competition between 
pairs (Wiens and Rotenberry, 1979, Sealander, 1966).  The Mimiwhangata population showed 
some variation in diet between males and females. Females were predicted to have 20% more 
animal sources and less plant matter in their diet than males. This difference was not 
observed in the Okiwi population, but it may be that food limitations at this site limit the 
opportunity for this variation. The males also appear to have a larger range of potential 
contribution from sources than females, which is suggesting that there could be higher levels 
of individual variation within male birds than females, or that in times of food shortage males 
may be prey shifting to allow females to have higher quality food sources.  
 
Suggestions for future research 
1) Determining if the variation in isotopic signatures and diet between Okiwi and 
Mimiwhangata pāteke is a recent event, or is a historic difference in diet, would help 
identify the underlying cause of the juvenile starvation.  The Okiwi populaiton was 
once larger than it is now, with no record of juvenile starvation. A comparison of the 
isotopic values of pāteke feathers that were collected during this period to those of 
recent samples would determine if the diet of Okiwi pāteke was the same prior to the 
occurrence of starvation as it is now or if there has been a dietary shift for the 
population. If a diet shift has occurred then the likely cause would be loss of a key 
food source. If the diets are the same then the cause of the starvation may be a 
reduction in food availability. Identification of the underlying cause would allow for 
management decisions that could target the cause of the starvation. 
 
2) Changes in agriculture can decrease food avilability and limit population size in 
harriers (Amar et al., 2003). It is possible that a change in fertiliser or other treatments 
on the Okiwi farm may be influencing the availability of invertebrates. It is unlikely 
that the fertiliser is influencing the δ15N ratios directly, as the ratios of source items 
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are not significantly different between the sites. However there may be an ecological 
response to the treatments which decreases invertebrate presence. A comparison of 
the farming practices used and their impact of both the δ15N in the primary producers 
and the invertebrate numbers in each area should be considered. Additionally, a 
comparison of pre and post- fertiliser treatment isotopic ratios in pāteke may provide 
insight into the level of impact that fertiliser has on consumer δ15N values. 
 
3) This study has demonstrated that habitat choice is occurring (Jones, 2001), and that 
there are correlations between the use of some habitats and survival for the Okiwi 
pāteke, however, the mechanisms of this are not able to be determined and optimal 
habitat (Clark and Shutler, 1999) cannot be identified within this study . Comparison 
of habitat choices and the fitness of birds in each habitat type, as well as identification 
of cause of death of any dead birds, will help better determine not just why birds are 
selecting each of these habitats, but what the consequences for each habitat choice 
are.  Once identified, managers would have the option to alter the features, or 
mitigate the risk associated with the feature. 
 
4) A study on energy / time spent foraging in each habitat type would be valuable to 
determine quality and abundance of food sources in each habitat type. Additionally, 
comparing the roosting and foraging sites separately may clarify which birds are 




Management implications and suggestions 
It is intended that the use of the specific monitoring and analysis techniques in this study will 
provide information to both allow conservation managers to make more informed decisions 
on how best to modify areas of use for pāteke, and aid in understanding the cause of the 
juvenile starvation on Great Barrier. Based on the findings within this study the following 
management recommendations are made: 
• Ponds intended for pāteke use to have a minimum 50%, but preferably higher, of 
their banks planted with overhanging vegetation. 
• Pāteke ponds should have a minimum 50%, but preferably higher, cattle exclusion 
area to prevent damage to pondside vegetation. 
• When establishing new ponds, it is recommended that proximity to nesting and 
foraging habitat (paddocks and wetland) be considered. 
•  When establishing new ponds the time taken for food sources to establish and 
vegetation to grow is considered. 
• If paddocks are to be the primary foraging area for individuals then regular 
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Appendix 1: Pāteke food sources identified by Moore et al. (2006), 





Appendix 1 continued. 
 
 
Appendix 2: Analysis of pāteke location data collected by use of VHF 
monitoring. 
Pāteke at Northland and GBI have been monitored using VHF by the Department of 
Conservation since 1996, and 1995 respectively. During this monitoring over 18,000 VHF 
locations were recorded for Northland, and 12,000 for GBI pāteke (raw data supplied by the 
Department of Conservation, 2011). Although it is an extensive dataset, it is not suitable for 
modelling habitat use or answering the management questions necessary for addressing the 
GBI juvenile decline. This is because the purpose of the data collection was for wide-scale use, 
the mortality status of the individual birds, and the wider area the birds were each using 
instead of the specific habitat types. Therefore, reliable co-ordinates were not collected and 
the data is not accurate enough for a resource selection study. Additionally, the 24-hour data 
is not available for most of the birds, so it only represents a snapshot of their total habitat use. 




Of the 18,084 data points from Northland pāteke, 7229 were assumed positions, 353 of these 
were from aerial surveying, so were not accurate enough for modelling. Of the remaining 
10,857 there were 1,767 unidentified birds and a further 171 from outside of Mimiwhangata. 
Once these birds, the 57 deceased bird locations, points with no spatial reference/ co-
ordinates, birds with less than three records (the minimum required for a polygon), and the 
estimated locations were removed from the dataset, there were 1638 data points for 137 
individual pāteke remaining. Of these, 147 were collected at night (after 8pm). Amongst the 
1638 data points, only 251 were unique co-ordinates, so even though the birds were visually 
identified, their locations were often recorded as the location of a nearby feature or the 
location of the person taking the GPS co-ordinates. Therefore, the integrity of the data for 
modelling cannot be guaranteed. The largest number of data points collected for one bird was 
54 over three years, however most birds had fewer than 30 locations recorded over a similar 
time. The irregular sampling and lack of guaranteed accuracy in the data means that despite 
the large dataset available, VHF data collected for a purpose other than habitat modelling is 
not useable for resource selection studies.  
 
 
